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Chapter I  
 
 General Introduction 
 
 
Natural Products and Terpenoid Biosynthesis 
 Natural products present a vast reservoir of chemical diversity and have provided the 
foundation of the chemical and pharmaceutical industry [1].  As such, they have proved 
invaluable in providing compounds, either directly or as leads, for therapeutic purposes, such 
as antibiotics or chemotherapeutic agents. Plants produce over 100,000 known, chemically 
diverse, low molecular weight compounds known as secondary metabolites.    Such natural 
products do not have a role in primary metabolism or growth and have been the subject of 
much interest, often due to their chemical inimitability or unique biological properties.  
These compounds are often found in low abundance and can be refractory to chemical 
synthesis due to their chemical complexity.  Terpenoids, which are isoprenoids, represent the 
largest class of natural products with over 50,000 known members and are continually 
growing [2].  These isoprenoids are characterized by the corresponding number of five 
carbon isoprene units from which they are derived [3].  Accordingly, mono, sesqui, di, and tri 
terpenoids consist of two, three, four, and six isoprene unit precursors.  Within plants, these 
compounds serve as important molecules for controlling plant growth, defense, or 
communication.  Among the terpenoids are the labdane-related diterpenoids, which are 
characterized as having twenty carbons and containing a fused bicyclic core.  They represent 
the largest class of terpenoids and consist of over 7,000 members [4].  
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 Terpenes, the hydrocarbon precursor of terpenoids, are a chemically diverse class of 
biological compounds, yet their synthesis initiates from the simple linear five carbon 
precursor isoprenes of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate 
(DMAPP).  The biosynthesis of these compound proceeds via two pathways in nature:  the 
mevalonic acid synthesis pathway (MEV) and the 1-deoxyxylulose-5-phosphate pathway, 
also known as the non-mevalonate pathways (MEP).  Plants, for example, contain both 
pathways, with the MEV occurring in the cytosol and the MEP occurring in plastids.  Non-
plant eukaryotes generally utilize the MEV pathway while prokaryotes generally, but not 
always, use the MEP pathway.  Each pathway, however, produces IPP and DMAPP [5].  The 
formation of terpenoids begins with the condensation of DMAPP and IPP in a head-to-tail 
manner by prenyltransferases to form geranylgeranyl diphosphate (GPP) in accordance with 
the “isoprene rule” [6].  With a characterized GGPP synthase, GPP condensation with two 
more IPP molecules produces geranylgeranyl diphosphate (GPP) after going through a 
farnesyl diphosphate intermediate.  Thus, GGPP is the common precursor for diterpenes and 
diterpenoids [4].   
 Terpene synthases utilize these linear, prenyldiphosphate precursors of varying 
carbon length to produce terpenes.  These enzymes conduct a series of electrophilic 
cyclizations and/or rearrangements initiating with carbocation formation, and often 
terminating by deprotonation [7].  Substrate conformation coupled with stabilization of the 
intermediate carbocations appears to dictate product outcome [7].  The formation of the 
initial carbocation can proceed by either removal of the pyrophosphate group, as in the case 
of class I synthases, or by an energetically difficult C=C double bond protonation in the case 
of class II cyclases.  A cyclization and/or rearrangement cascade following carbocation 
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formation results in the formation of cyclic products [8].  While there are bifunctional 
enzymes, such as abietadiene synthase (AS) from Abies grandis (grand fir), that are capable 
of conducting class II and class I reactions, a more typical diterpene biosynthesis consists of 
separate reactions by sequentially acting class II then class I enzymes.  Under this more 
general scheme, the class II enzyme produces a cyclic diphosphate biosynthetic intermediate 
which the class I enzyme then converts to a hydrocarbon by removing the diphosphate.  
Finally, it should be noted that diterpene biosynthesis occurs in the plastids and diterpene 
synthases contain an N-terminal plastid targeting sequence that is cleaved upon import, 
resulting in a mature, active enzyme [14, 15] . 
 Production of a bioactive natural product, such as a diterpenoid, is achieved through 
the elaboration of the aforementioned hydrocarbon, typically by an oxygen activating 
enzyme, such as cytochrome P450 (CYP) or dehydrogenase.  As plants possess such a vast 
assortment of natural products, they contain more cytochromes P450 enzymes than other 
types of organisms.  These typically membrane bound heme-thiolate enzymes are responsible 
for activating and inserting molecular oxygen into lipophilic substrates, thus greatly 
modifying natural products [2].  Cytochromes P450 play a central role in plant biosynthesis 
of a wide variety of interesting compounds and, alternatively, have critical roles in animal 
metabolism.  While there is much excitement over these enzymes, little mechanistic and 
biochemical work has been performed on the myriad of plant P450s as most work has 
focused on the mammalian counterparts, despite the tremendous difference in substrate 
selection and reactivity [9-11].  This thesis work relies on a variety of techniques and 
methodologies investigating diterpene and diterpenoid biosynthesis, specifically the reactions 
conducted by plant class I and CYP enzymes. 
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Class II Diterpene Cyclases 
 As diterpenoids are biosynthesized from GGPP, they are made by a series of 
enzymatic steps catalyzed by various enzyme families.  For most diterpenes, a class II 
cyclase, such as ent-copalyl diphosphate synthase (CPSent), catalyzes the initial biosynthetic 
step and as this can be a committed step in gibberellin phytohormone biosynthesis or 
secondary metabolism, it presents a point of regulatory control [8, 12].  Class II cyclases 
contain a characteristic DXDD motif and requires a divalent metal ion cofactor, preferably 
Mg2+ .  In case of Arabidopsis CPSent, the “middle” and “last” aspartate residues in the 
DXDD motif are required for cyclization of GGPP.  Mechanistic work reveals a role for 
these aspartates in protonating a C=C double bond to initiate a cyclization cascade [13].  
 
Class I Diterpene Cyclases 
 The class I synthases have some features in common with class II cyclases, such as N 
and C terminal domains, plastid targeting sequences, and phylogenetic relationships with 
other terpene synthases [15].  However, the class I synthases contain a DDXXD motif in the 
C-terminal domain that is required for the metal ion binding that is needed for ionization of 
the diphosphate [4].  Interestingly, labdane-related diterpene synthases exhibit a unique 
domain structure whereby they all contain an additional ‘insertional’ element at the N-
terminus that consists of approximately 250 amino acids [16].  Many class I synthases exhibit 
plasticity with respect to product outcome and are capable of multiple product formation as a 
result of competing ring arrangement or deprotonation reactions within the active site of the 
enzyme.  Additionally, as there are several stereoisomers of CPP that can exist from different 
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class II reaction products, class I synthases must be able to effectively discriminate between 
these different conformations of substrates.  Furthermore, there is evidence suggesting a role 
of counter-ion pairing [36].   These results highlight the inert template solvated nature of 
these terpene synthases.   
  
Cytochromes P450  
  Initial findings of an unusual CO binding component in reduced rat liver 
microsomes during redox studies of b cytochromes were reported by Klingenberg in 1958.  
Aptly named “P-450” for its unusual Soret 450nm absorption maximum upon CO binding in 
the reduced state, the unique protein was subject to numerous spectroscopic and chemical 
approaches to determine that the heme-thiolate nature of the enzyme accounted for its 
properties.  Subsequent studies and observations have confirmed the membrane requirement 
for synthesis and functionality of the P450s in eukaryotic cells [18-24].  Accordingly, 
heterologous expression and purification of P450s is a notoriously difficult task and 
numerous methods have been devised to circumvent this problem.  Extensive work on P450s 
has resulted in a wide array of functions being assigned to various family members, with 
catalytic mechanisms for hydroxylation, demethylation, bond cleavage, and decarboxylation 
[20].   
 Further studies have been the fusion of biochemical techniques with extensive 
physical methods.  It has been known that P450s function as oxygen activating enzymes and 
require the input of electrons from a reductase [25].  The typical P450 reductase is capable of 
the transfer of electrons from NADPH to the p450 to form a reactive iron complex with 
molecular oxygen and the substrate in a very complex catalytic cycle.  In Arabidopsis, for 
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example, there are two NADPH:p450 reductase isoforms that each contain the flavins FAD 
and FMN.  Additionally, this protein is also inserted into the membrane and it is thought that 
one reductase may couple and coordinate electron flow with up to a dozen P450s.  While 
plants may posses multiple isoforms of the reductase, humans, for example, only posses one 
form of the enzyme that is presumably capable of reducing all of the different human p450s 
[20]. 
 The current theory of oxygen activation by P450s has been broadly investigated by a 
myriad of techniques.  Briefly, molecular oxygen is bound to the heme upon substrate 
binding and water displacement, reduced to various peroxy species, and undergoes 
heterolytic cleavage to release H2O and leave behind the activated ferryl-oxo intermediate.  
This ferryl-oxo intermediate has been the subject of controversy and only recently has 
sufficient evidence for its existence become more widely accepted.  Previous intermediates in 
the reaction cycle, however, have been carefully observed.  It is the activated oxygen species 
that then allows for oxygen insertion into the substrate, which must be bound in close 
proximity to the ferryl oxo species.  Currently, there is much debate over the exact nature of 
oxygen insertion [20-22].   
   The P450 fold is conserved overall among the 25 x-ray crystallographic structures 
available.  While these studies were initially undertaken with the soluble prokaryotic 
P450cam, several mammalian forms have been structurally determined as well.  To date, no 
plant p450 has been crystallized and structurally solved.  In general, the P450s exhibit a 
largely helical nature with a highly variant N-terminus.  Of particular interest is substrate 
binding and catalysis with respect to structure, especially active site architecture.  The B’ 
helix is the area of greatest substrate recognition and interaction and varies the most.  
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Furthermore, extensive sequence and activity analysis has suggested several regions of 
importance in reactivity and selectivity for P450s, including those found in plants.  This work 
was initially conceived by Gotoh with comparisons among the CYP2 family and including 
the bacterial P450s.  Sequence alignments coupled with mutagenesis, structural, and chimeric 
analysis of mechanistically important residues revealed six putative substrate recognition 
sites.  These were conducted by weighted amounts aligning primary, predicted or actual 
secondary, and hydropathy information [26].  This has provided a potential template for 
mutagenesis studies.  While these methods provided some information on P450 function, 
genetic and physiological studies were also critical in determining function. 
 
Kaurene Oxidase in Gibberellin Biosynthesis 
        The initial findings on the role of gibberellins’ ability to restore normal growth in 
dwarf corn mutants prompted further studies investigating the biosynthesis of these plant 
hormones [27].  Subsequent work in fungus, dwarf corn, as well as labeled precursors, 
established the role of GGPP and kaurene in gibberellin biosynthesis.  Initial work by 
Charles West found that the introduction of kaurene or subsequent intermediates along with 
required NADPH to the microsomal preparations of wild cucumber produced sequentially 
oxidized intermediates of kaurenol, kaurenal, and kaurenoic acid.  Further characterization 
resulting in findings consistent with a mixed function oxidase system: inhibition by CO and 
peak absorbance at 450nm and a possible need for an NADPH reductase.  Later, it was 
demonstrated that ancymidol specifically inhibits the oxidation of kaurene, kaurenol, or 
kaurenal at nanomolar concentrations, suggesting the possibility of a common active site [28-
 8 
32].  The first biochemical characterizations of kaurene oxidase were performed using the 
fungal enzyme [20].   
In Arabidopsis, a dwarf mutant was shown to be deficient in gibberellic acid 
production [33].  Exogenously added kaurene, failed to produce kaurenoic acid and Helliwell 
et al identified the gene accounting for this phenotype as being kaurene oxidase [34].  
Heterologous expression in yeast demonstrated production of kaurenoic acid, however, no 
spectral information or full microsomal activity has been observed.  No detailed biochemical 
investigation has been performed on kaurene oxidase since the determination of its functional 
activity [35].            
 
Diterpenoid Production in Rice and Arabidopsis 
 While the gibberellin phythormones (GAs), derived from kaurene, have been the 
most characterized diterpenoids, they are by no means the only diterpenoids found in plants.  
Arabidopsis, for example, is only known to produce kaurene and the corresponding 
gibberellins.  However, other plants produce a wide array of diterpenoids.  To date, there 
have been fifteen diterpenoids found in the vital cereal crop of rice, Oryza sativa.  As such, 
rice has served as our model system.  Additionally, the sequenced rice genome and various 
mutant strains make it ideal for study.  Of the diterpenoids produced by rice, the 
momilactones A and B, oryzalexins A-F, and phytocassanes A-D are antifungal phytoalexins, 
compounds whose biosynthesis is induced by microbial infection of the rice blast pathogen 
Magneporthe grisea.  These various rice diterpenoids are biosynthesized from the various 
diterpene precursors made in rice, presumably through the action of various cytochrome 
P450s as well as dehydrogenases.  These diterpenoids vary in their oxgygen elaboration 
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locations, with various hydroxyl, lactone, and keto groups at different locations on the A, B, 
or C rings of the diterpenes [16].   
The isolation and characterization of these rice diterpenoids represents over 30 years 
of natural products research.   Some of the genes involved in diterpene and diterpenoid 
biosynthesis in rice phytoalexins are inducible upon UV-irradiation, a stimulus that prompts 
a defensive response in rice plants.  Both class II and class I labdane-related synthase activity 
is inducible in rice, while ent-kaurene production is constitutive.  In rice, all of the predicted 
class II and class I synthases have been cloned and characterized, including several 
psuedogenes.  In contrast to Arabidopsis, rice class II cyclases can produce copalyl 
diphosphate (CPP) of either ent or syn stereochemistry; furthermore, rice has class I 
synthases that can specifically utilize ent or syn CPP [16].   
Little is known regarding the enzymes required for the biosynthesis of active 
diterpenoids in rice.  It has been shown that various P450s are inducible in response to UV-
irradiation and can function in producing active diterpenoids [17].  Among the active rice 
diterpenoids biosynthesized from a selected diterpene, there is redundancy in various 
oxygenation patterns, suggesting that certain P450s may act early in the pathway to produce 
a common oxygen bearing intermediate that is further oxidized to a different P450.  None of 
the non-GA potential rice diterpenoid producing P450s have been clearly assigned prior to 
this thesis work.  Homology arguments and induction patterns suggest potential candidate 
P450s and dehydrogenases that may fulfill this biosynthetic role in rice [16].  
Of interest in rice is the clustering of various potential biosynthetic gene clusters.  
While this phenomenon is not uncommon in prokaryotes, it is rare among plants.  We have 
found that within the rice genome, there is clustering of associated biosynthetic genes that 
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function in a specific pathway.  Accordingly, class II, class I, and P450 genes that act to 
biosythesize a specific diterpenoid have been found clustered together.                   
 
Metabolic Engineering for Terpenoid Production    
 A number of challenges and obstacles need to be overcome for studying diterpenoid 
biosynthesis.  Among some of these problems is a lack of synthetic diterpenes or 
diterpenoids for mechanistic studies or authentic standards.  Additionally, the instability and 
difficulties of recombinant heterologous expression of class I synthases and P450s have been 
well established.  Metabolic engineering offers an alternative tool for surmounting these 
challenges.  Central to the success of metabolic engineering is the availability of an in vivo 
environment for enzyme expression in a heterologous bacteria host.  Essentially, genetic 
engineering for the construction of biosynthetic pathways can be incorporated in 
heterologous organisms to divert central carbon flux towards a desired end product.  
Historically, the carotenoids have been the subject of much metabolic engineering 
approaches for natural products.  Several issues that need to be addressed within metabolic 
engineering are biofermentation conditions, mRNA stability, plasmid compatibility, flux 
balancing for toxic intermediates, and endogenous cellular control elements [37, 38].  Our 
work with metabolic engineering has been able to produce milligram quantities of diterpenes 
and diterpenoids, thus allowing for further NMR characterization for gene assignment as well 
as biochemical understanding of these enzymes.   
 This thesis work presents work utilizing a variety of approaches for optimization of 
either the heterologous MEV or MEP pathways in E. coli for the production of labdane-
related diterpenoids.  Briefly, genetic engineering approaches, coupled with biofermentation 
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experiments resulted in a facile, modular technique for milligram quantity production of 
diterepens in E. coli.  As such this thesis work relied heavily on metabolic engineering 
approaches for the analysis of class I and cytochrome P450s in labdane related diterpenoid 
biosynthesis.  
 
In Summary 
 The body of work presented in this thesis is a culmination of various techniques and 
approaches, all with the mindset of increasing our biochemical understanding of the 
fascinating enzymes involved in labdane related diterpenoid biosynthesis.  It is my hope that 
one day this work will lay the foundation not only for further investigations and questions 
with these enzymes, but also advance the laboratory’s goals of being able to engineer these 
enzymes for targeted small molecule production that can benefit mankind.           
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Figures 
 
 
 
 
 
 
Figure 1:  known biosynthetic steps catalyzing the production of diterpenes in rice 
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Figure 2:  known rice diterpenoid phytoalexins 
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Chapter II 
 
An unexpected diterpene from rice:   
 
Functional identification of a stemodene synthase 
 
 
Preface 
Initial work class I synthases consisted of developing an expression and assay system 
using ent-kaurene synthase from Arabidopsis as a test case.  This was rather difficult, 
presumably from the predicted N-terminal plastid targeting sequence.  A variety of tags, N-
terminal truncations, and expression hosts were tested, with none yielding high level over-
expression in E. coli.  However, several truncations and tags with kaurene synthase appeared 
to work better than others; mainly, deletions of up to the first 45 amino acids and soluble tags 
such as GST and MBP appeared to allow for purification away from phosphatases and retain 
suitable activity.  With this preliminary system in hand, we set out to begin characterizing the 
activity of class I synthases.  This chapter details efforts made at cloning and characterizing a 
class I synthase from rice.  A coupled class II/class I assay with purified protein was able to 
biosynthesize enough product for identification by NMR.  The unexpected nature of this 
work comes from the fact that the draft rice genomes had not accounted for the stemodene 
synthase we cloned.    
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Abstract 
 
We have cloned a novel diterpene synthase (OsKSL11) from rice that produces 
stemod-13(17)-ene from syn-copalyl diphosphate.  Notably, this gene sequence was not 
predicted from the extensive sequence information available for rice, nor, despite extensive 
phytochemical investigations, has this diterpene or any derived natural product previously 
been reported in rice plants. OsKSL11 represents the first identified stemodene synthase, 
which catalyzes the committed step in biosynthesis of the stemodane family of diterpenoid 
natural products, some of which possess antiviral activity. In addition, OsKSL11 is highly 
homologous to the mechanistically similar stemarene synthase recently identified from rice, 
making this pair of diterpene cyclases an excellent model system for investigating the 
enzymatic determinants for differential product outcome. The unexpected nature of this 
cyclase and its product parallels recent observations of previously unrecognized natural 
products metabolism in Arabidopsis thaliana, suggesting that many, if not all, plant species 
will prove to have extensive biosynthetic capacity. 
 
Introduction 
The rice (Oryza sativa) draft genome sequences have provided researchers with a 
valuable tool for investigating the biochemical machinery of this vital cereal crop plant 
[1,2]. One area of particular interest is the production of natural products, which govern 
essentially all aspects of plant biology, ranging from growth and development to defense [3]. 
Many of these low-molecular weight organic compounds are terpenoids, which comprise the 
largest class of natural products with nearly 50,000 known members [4]. The labdane-related 
diterpenoids, characterized by minimally containing the labdane bicyclic core structure, 
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constitute over 10% of all terpenoids. Notably, rice has previously been shown to produce 
many such natural products and, thus, has become a model system for investigating their 
metabolism (Fig. 1).  
In addition to the ubiquitous gibberellic acid phytohormones, rice produces more than 
10 other labdane-related diterpenoids. These serve as phytoalexins [5–12], which are 
antibiotic compounds produced in response to microbial infection [13], and allelochemicals 
[14–16], which are secreted from the roots to suppress germination of neighboring seeds 
[17]. The known rice diterpenoids fall into five structurally related families; the gibberellins 
being derived from ent-kaurene, phytocassanes A–E from ent-cassa-12,15-diene, oryzalexins 
A–F from ent-sandaracopimaradiene, momilactones A and B from syn-pimara-7,15-diene, 
and This bicyclic core structure can then be further cyclized and/or rearranged by more 
typical (i.e., class I) CPP stereospecific terpene synthases to form various skeletal structures 
[20]. While prototypical plant class I terpene synthases contain two structurally defined 
domains [21,22], those involved in labdane-related diterpenoid metabolism invariably 
contain additional N-terminal sequence (»240 amino acids) termed the ‘insertional’ element 
[23]. However, whereas the class II cyclases contain a DXDD motif required for their 
protonation-initiated cyclization reactions [24], the class I enzymes contain a separately 
placed DDXXD motif involved in ligation of the divalent metal ion binding required for the 
corresponding diphosphate ionization initiated reaction [25]. 
 From the known sequence information available for rice, four class II and 10 class I 
labdane-related diterpene synthases have been predicted. The class II genes were termed 
OsCPS1–4 [26], and all the active class II enzymes produce CPP. Specifically, OsCPS1 and 
2 produce ent-CPP for gibberellin and phytoalexin biosynthesis, respectively, while OsCPS4 
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produces syn-CPP and OsCPS3 is a pseudo-gene [27–29]. The class I genes were assigned as 
OsKS1-10 [26,30], although only OsKS1 actually operates in gibberellin biosynthesis and, 
presumably, produces ent-kaurene. The synthases responsible for production of ent-cassa-
12,15-diene, synpimara-7,15-diene, and syn-stemar-13-ene have also been termed OsDTC1, 
OsDTS2, and OsDTC2, respectively [23,31,32]. To avoid confusion, we suggest the use of 
OsKSL (rice kaurene synthase-like), with the corresponding number from Sakamoto et al. 
(2004) [26] where appropriate, for these non-kaurene producing class I genes. Thus, OsKS1 
presumably produces ent-kaurene [26,33], while OsKSL4 (OsDTS2) produces syn-
pimaradiene [23,30], OsKSL7 (OsDTC1) entcassadiene [31], OsKSL8 (OsDTC2) syn-
stemarene [32], and OsKSL10 ent-sandaracopimaradiene [30] (Fig. 1). Accordingly, the 
novel stemodene synthase member of this family reported here has been designated 
OsKSL11.oryzalexin S from syn-stemar-13-ene [18,19].  
Biosynthesis of labdane-related diterpenoids is initiated by class II diterpene cyclases 
that produce specific stereoisomers of labdadienyl/copalyl diphosphate (CPP)1 from the 
universal diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP).  
 
Results 
Cloning an unexpected class I terpene synthase 
A putative class I labdane-related diterpene synthase gene, predicted from the rice 
genome sequence, was found in GenBank Accession No. AK108710. Surprisingly, when 
we attempted to clone the corresponding cDNA, the isolated sequence did not correspond to 
that found in AK108710, although the two were »92% identical at the nucleotide level. In 
fact, corresponding sequence could not be found in the currently available rice genome or 
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expressed sequence tag data [35,36], although we were able to clone this cDNA from both 
spp. indica and japonica rice. The isolated cDNA does contain an open reading frame that 
encodes a class I diterpene synthase (i.e., had the large ‘insertional’ element and DDXXD 
motif) that was highly homologous (42–89% amino acid identity) to the known OsKSL 
enzymes (Fig. 2). Thus, this seems to be a novel kaurene synthase-like gene, which we have 
designated OsKSL11. The originally targeted sequence contained in 
AK108710 corresponds to OsKSL8, which has recently been reported to encode a 
transcriptionally inducible syn-CPP speciWc stemarene synthase [32]. Unfortunately, we 
could not distinguish between OsKSL8 and OsKSL11 by RT-PCR analysis due to the 
extensive sequence similarity, despite repeated attempts with several primer combinations 
designed to discriminate between the two. Therefore, it was not possible to conclusively 
determine if transcription of OsKSL11 is likewise induced by UV-irradiation or application 
of the defensive signaling molecule methyl jasmonate. 
 
Functional characterization of OsKSL11 as a syn-CPP specific stemodene synthase 
 Full-length and truncated OsKSL11 proteins were expressed and purified as fusions 
to GST. The recombinant protein was then assayed with GGPP, ent-CPP, or 
syn-CPP as substrate, and enzymatic product formation assessed by GC–MS analysis of 
organic extracts. While the truncated construct exhibited better activity, both constructs were 
catalytically active only with syn-CPP, and enzymatic products were not observed with 
GGPP or ent-CPP. Intriguingly, GC–MS analysis demonstrated that the major enzymatic 
product resulting from reactions with syn-CPP did not correspond to authentic standards for 
any of the known rice diterpenes (Fig. 3). To produce sufficient quantities of enzymatic 
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product for NMR analysis, we chose to use a coupled assay with purified GSTtagged and 
truncated versions of OsCPS4 (i.e., syn-CPP synthase [27]) and OsKSL11 (i.e., because 
GGPP is much more readily available than syn-CPP). In this way, it was possible to produce 
»150ug of the unknown diterpene product. Comparison of the GC–MS fragmentation pattern 
and NMR proton data with literature values initially 
suggested that OsKSL11 was producing aphidicol-16-ene [37]. However, given the close 
phylogenetic relationship with syn-stemarene synthase (OsKSL8) and fact that OsKSL11 
also produces small amounts (»3%) of stemar-13-ene (endo double bond), we strongly 
suspected that this product was actually the mechanistically related stemod-13(17)-ene (see 
Fig. 5). Synthetic (§)-stemodene, as a mixture of the exo (13(17)-ene) and endo  
(12-ene) double bond isomers, was obtained as a kind gift from Dr. James White [34]. The 
enzymatic products of OsKSL11 with syn-CPP were then shown to be »92% exo-stemodene, 
»5% endo-stemodene, and the aforementioned »3% endo-stemarene, by GC analyses, 
including GC–MS comparison to authentic samples (Fig. 3). The identiWcation of the major 
product as exo-stemodene was confirmed by high field proton NMR spectra of the enzymatic 
product mixture and comparisons with spectra and data of the (§)-exo-stemodene standard, 
for which proton and carbon NMR assignments (Table 1) were made with the aid of COSY, 
NOE, HMQC, and APT spectral analyses. 
 
Discussion 
Due to our interest in the CPP stereospeciWc class I labdane-related diterpene 
synthases as model systems for investigating the enzymatic determinants of substrate and 
product specificity in terpene synthases, we have undertaken a functional genomics approach 
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towards elucidating the enzymatic function of the corresponding gene family in rice. As part 
of this work, we identified a putative kaurene synthase-like gene that was predicted from the 
rice genome sequence (GenBank Accession AK108710). However, rather than the targeted 
gene sequence we found a novel class I diterpene synthase (OsKSL11) that is not present in 
either the genome or extensive cDNA sequence data available for rice [35,36]. Nevertheless, 
OsKSL11 clearly falls within the rice kaurene synthase-like family (Fig. 4).  Further, even in 
its current ‘finished’ form the rice genome sequence still contains a number of gaps 
representing »5% of the total sequence [35]. Given the size of the rice class I diterpene 
synthase family (now over 10 members), it is perhaps not surprising that an 
unexpected/‘orphan’ family member was found.   
Functional characterization of OsKSL11 demonstrated that this is a syn-CPP specific 
exo-stemodene synthase (Fig. 3). Rice has not previously been demonstrated to produce 
stemodene or any derived natural products despite intensive phytochemical investigations. 
However, these studies have been almost exclusively targeted at identification of leaf 
phytoalexins [5–12], and it is possible that stemodane diterpenoids 
are produced in other tissues and/or in response to other conditions, such as viral rather than 
microbial infection.  Interestingly, the stemodane and stemarene diterpene skeletal types 
were both Wrst deWned as natural products from Stemodia maritime, a medicinal plant used 
in traditional Caribbean medicine to treat venereal disease [38,39].  Stemodin, the major 
diterpenoid natural product in Stemodia, possesses antiviral activity [40], which may help 
account for the use of this plant as an herbal medicine and, more generally, for the function 
of this natural product in plants. Nevertheless, nothing is known about the enzymatic genes 
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involved in biosynthesis of the Stemodia diterpenoid natural products, and OsKSL11 seems 
to be the first identified stemodene synthase.   
Formation of the stemodene and stemarene backbones can be envisioned as arising 
from largely overlapping cyclization mechanisms. In particular, initial cyclization of syn-CPP 
to an isopimarenyl+ intermediate that undergoes a 1,2-hydride shift from C9 to C8, followed 
by further cyclization to an abeo-stachanyl+ intermediate. Alternative ring rearrangements 
can then form either stemodenyl+ or stemarenyl+ intermediates that undergo deprotonation 
to yield the final tetracyclic diterpenes (Fig. 5). The highly 
homologous OsKSL11 and OsKSL8 presumably catalyze these alternative, yet 
mechanistically related, cyclization reactions. Hence, structure–function analysis of this pair 
of cyclases should facilitate identification of the underlying enzymatic determinants for this 
relatively subtle change in product outcomes. In fact, OsKSL11 and OsKSL8 seem to be the 
most closely related pair of rice class I diterpene synthases (89% amino acid identity). Thus, 
identification of OsKSL11 measurably increases the utility of the rice class I diterpene 
synthase family for examining enzymatic specificity.   
The existence of OsKSL11 indicates that rice has the capacity to produce stemodene. 
However, rice has not been shown to produce stemodane type diterpenoid natural products. 
Nevertheless, while even latent, currently untapped potential may offer some advantage in 
plasticity of natural products biosynthesis, the production of stemodanes by rice cannot be 
ruled out. It has recently been observed that Arabidopsis thaliana is capable of producing a 
much wider range of natural products than was previously appreciated [41]. The unexpected 
production of stemodene by OsKSL11 extends such observations to rice, and we suggest here 
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that extensive, currently unrecognized biosynthetic capacity will be common in many, if not 
all, plant species. 
 
Materials and Methods 
Chemicals 
The preparations of GGPP, ent-and syn-CPP, and synstemarene have been previously 
described [18]. Stemodene standards were derived from a 1.5:1 mixture (ca. 5mg) of 
synthetic racemic exo- and endo-stemodenes, kindly provided by Jim White [34]. This was 
fractionated by flash chromatography on a silica gel column (1 cm£10 cm) using pentane and 
the later eluting fractions (enriched for the exo isomer) were pooled and concentrated under 
nitrogen to yield »2mg exo-stemodene (»85% purity by GC analysis). Unless otherwise 
noted, chemicals were purchased from Fisher Scientific (Loughborough, Leicestershire, UK) 
and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). 
Plant Material 
Rice plants (O. sativa L. ssp. indica cv IR24) and seedlings (ssp. japonica cv 
Nipponbare) were those previously described [27]. BrieXy, detached leaves from 4-week-old 
greenhouse grown plants were UV-irradiated (254nm from 15-cm distance 
for 25min.) and then incubated for 24h under dark, humid conditions at 30°C. Seedlings were 
germinated from surface sterilized seeds on Wlter paper in sterile 1.2% agar plates at 30°C in 
the dark for a week, then sprayed with approximately 2mL 0.1% Tween 20 with 0.5mM 
methyl jasmonate per gram of plant weight, and incubated 24h under the same conditions. 
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The resulting tissues were frozen in liquid nitrogen and total RNA extracted using Concert 
Plant RNA Reagent, following the manufacturer’s instructions. 
Cloning 
Using the predicted sequence from GenBank Accession No. AK108710 a 5_ primer 
(CACCATGATGCTGCTGA GTTCCTC) was designed and employed in a 3_ RACE 
reaction (GeneRacer), using RNA from UV-induced indica leaves, to amplify a cDNA 
product of 2703 nucleotides. This was cloned into pCR4-ZeroBlunt, and completely 
sequenced. The derived sequence was further conWrmed by cloning an identical open 
reading frame (2451 nucleotides) from methyl jasmonate-induced japonica seedlings by 
RTPCR using the 5_ primer described above and a 3_ primer 
(TTACTCTTGCAGGTGCAGTGGCTC). We have deposited this sequence as OsKSL11 in 
the various DNA databases as Accession DQ100373. Full-length and N-terminally truncated 
(by 60 residues) versions of OsKSL11 were constructed in pENTR/SD/D-TOPO (Gateway 
system) and verified by complete sequencing. These were then transferred by directional 
recombination to the T7-based, glutathione-S-transferase (GST) fusion expression vector 
pDEST15 (Gateway system). 
 
Recombinant Expression 
 Recombinant expression was carried out in the BL21- derived C41 strain (Avidis, 
France), as described earlier [27]. Briefly, NZY media cultures were grown to midlog phase 
at 37 °C (OD600»0.6) then shifted to 16 °C for 1 h prior to induction (with 1mM IPTG) and 
overnight expression. Cells were harvested by centrifugation, resuspended in 
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cold lysis buVer (50mM Bis–Tris, pH 6.8, 1mM DTT), lysed by mild sonication on ice (15 s, 
continuous output, setting 5), and clariWed by centrifugation (40,000g, 20 min). 
The recombinant GST-tagged protein was purified using GST-agarose beads (Sigma–
Aldrich). SDS–PAGE analysis demonstrated that only a single band of the appropriate 
molecular weight was obtained. 
 
Functional Characterization 
 
Assays were generally carried out with 5 _g of substrate (GGPP, syn-CPP or ent-
CPP) and 25 _L of recombinant protein in 0.5mL of assay buffer (50mM Hepes, pH 7.2, 
10mM MgCl2, 10% glycerol, and 5mM DTT) for 3–16 h at room temperature. The assay 
solutions were extracted three times with 0.5mL portions of hexanes, which were pooled, 
dried under a gentle stream of nitrogen, and re-dissolved in 100 _L of hexanes. Gas 
chromatography–mass spectrometry (GC–MS) analysis was carried out using an HP-5MS 
column on an Agilent (Palo Alto, CA) 6890N GC instrument with a 5973N mass selective 
detector. Samples (5_L) were injected at 40 °C in the splitless mode and, after holding 3min 
at 40 °C, the temperature was increased at 20 °C/ min to 300 °C, where it was also held for 
3min. MS data were collected from 50 to 500 m/z during the temperature ramp. Larger 
amounts of product were obtained from GGPP using coupled assays with purified GST–
OsKSL11 and the truncated and GST-tagged version of OsCPS4 we have previously 
described [27], which was expressed and purified as described above for GST–OsKSL11. 
The resulting hexane–benzene extract (»1mL) containing the diterpene products was shipped 
to the University of Illinois on dry ice for NMR spectroscopy. The solution was filtered 
through a short silica gel column with pentane and then concentrated under a N2 stream to 
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ca. 0.1mL and re-dissolved in 1mL of C6D6. The evaporation–dissolution was repeated four 
times to completely remove the hexane and protonated benzene solvents. Proton NMR 
spectra were recorded in C6D6 (to reduce the risk of air oxidation) using a Varian 500MHz 
spectrometer in the School of Chemical Sciences NMR spectroscopy facility at the 
University of Illinois. 
 
Sequence Analysis 
BLAST searches were carried out on-line at either Gen-Bank (www.ncbi.nih.gov), 
TIGR (www.tigr.org), or Gramene (www.gramene.org). All other sequence analysis was 
performed with the AlignX program in the Vector NTI software package (Invitrogen) using 
standard parameters. OsKS1 was designated as the reference sequence in all alignments. 
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Fig. 1.  Known cyclization steps in rice. The corresponding enzymes are indicated, along 
with their products and, where known, the derived natural products (dashed arrows indicate 
multiple enzymatic steps). 
 
 
 
 
Fig. 3. Enzymatic products of OsKSL11 from syn-CPP. (A) GC–MS chromatograph (272 
m/z extracted ion trace). (B) Mass spectrum of OsKSL11 productpeak 1 (RT D13.23min). 
(C) Mass spectrum of authentic stemod-13(17)-ene (RT D 13.23min). (D) Mass spectrumof 
OsKSL11 product peak 2 (RT D13.10 min). (E) Mass spectrum of authentic stemod-12-ene 
(RTD 13.10min). (F) Mass spectrum of OsKSL11 product peak 3 (RT D13.01 min). (G)  
Mass spectrum of authentic stemar-13-ene (RT D 13.01min). 
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Fig. 2.  Sequence comparison of OsKSL11 with other functionally identiWed rice kaurene 
synthase-like enzymes. Not shown are the extended transit peptide sequences typical of the 
plastid-targeted diterpene synthases. The DDXXD motif is boxed. 
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Table 1 
500MHz 1H and 126MHz 13C NMR data and  
assignments for synthetic (+)-stemod-13(17)-ene  
in C6D6. 
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Fig. 4.  Phylogenetic tree illustrating clustering of OsKSL11 with the other rice kaurene 
synthase-like (OsKSL) genes. Depicted are: kaurene synthases from Arabidopsis (AtKS), 
pumpkin (CmKS), and rice (OsKS), as well as all the functionally identiWed OsKSL family 
members. Also shown are other disparate, but ‘insertional’ element containing class I 
enzymes, the diterpene abietadiene synthase from Abies grandis (AgAS), the sesquiterpene 
(E)-α-bisabolene synthase from A. grandis (AgBS) and the monoterpenoid 
linalool synthase from Clarkia breweri (CbLS). The tree was derived from alignment of 
cDNA coding regions and visualized with TreeView [42]. 
 
 
 
 
Fig. 5.  Proposed overlapping cyclization mechanisms for stemarene (OsKSL8) and 
stemodene (OsKSL11) synthases (shown are their major products). 
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Postscript 
While KSL11 represents a new class I synthase, it was not the only such enzyme found 
in rice.  With the draft genome and homology analysis, it was apparent that rice contained an 
entire family of KSL genes.  Accordingly, we set out to clone and characterize the remaining 
family members.   
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Chapter III 
Functional characterization of the rice kaurene synthase-like gene family 
 
Preface 
 As we had demonstrated the feasibility of being able to characterize a class I labdane-
related diterpene synthase in the case of KSL11, we set out to characterize the entire family 
of these enzymes in rice.  While Arabidopsis thaliana only appears to contain an ent-CPP 
acting class I synthase (AtKS), rice contains a variety of class I synthases that are capable of 
distinctly reacting with ent or syn-CPP.  Accordingly, while Arabidopsis contains the ent 
gibberellin phytohormones as it’s only family of diterpenoids, rice contains several different 
families of diterpenoids, making it a more interesting biosynthetic, chemical, and 
biochemical model system for investigating these interesting enzymes.  Guided by the 
homology existing among family members and the recently sequenced rice draft genome, 
this chapter describes the first step of our work identifying and characterizing the rice 
labdane-related diterpene class I synthases in our model system.   
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Abstract 
The rice (Oryza sativa) genome contains a family of kaurene synthase-like genes 
(OsKSL) presumably involved in diterpenoid biosynthesis.  While a number of OsKSL 
enzymes have been functionally characterized, several have not been previously  
investigated, and the gene family has not been broadly analyzed.  Here we report cloning of 
several OsKSL genes and functional characterization of the encoded enzymes. In particular, 
we have verified the expected production of ent-kaur-16-ene by the gibberellin 
phytohormone biosynthesis associated OsKS1 and demonstrated that OsKSL3 is a pseudo-
gene, while OsKSL5 and OsKSL6 produce ent-(iso)kaur-15-ene. Similar to previous reports, 
we found that our sub-species variant of OsKSL7 produces ent-cassa-12,15-diene, OsKSL10 
produces ent-(sandaraco)pimar-8(14),15-diene, and OsKSL8 largely syn-stemar-13-ene, 
although we also identified syn-stemod-12-ene as an alternative product formed in 
approximately 20% of the reactions catalyzed by OsKSL8.  Along with our previous reports 
identifying OsKSL4 as a syn-pimara-7,15-diene synthase and OsKSL11 as a syn-stemod-
13(17)-ene synthase, this essentially completes biochemical characterization of the OsKSL 
gene family, enabling broader analyses.  For example, because several OsKSL enzymes are 
involved in phytoalexin biosynthesis and their gene transcription is inducible, promoter 
analysis was used to identify a pair of specifically conserved motifs that may be involved in 
transcriptional up-regulation during the rice plant defense response.  Also examined is the 
continuing process of gene evolution in the OsKSL gene family, which is particularly 
interesting in the context of very recently reported data indicating that a japonica sub-species 
variant of OsKSL5 produces ent-pimara-8(14),15-diene, rather than the ent-(iso)kaur-15-ene 
produced by the indica sub-species variant analyzed here. 
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Introduction 
Rice is an important food crop, and has become a model plant for the cereal plant 
family with the recent availability of draft genome sequences (Goff et al., 2002; Yu et al., 
2002), as well as large numbers of defined full-length cDNAs (Kikuchi et al., 2003). This 
extensive sequence information has enabled functional genomics based approaches towards 
elucidating the biosynthetic machinery underlying rice metabolism.  One specific area of 
interest is the production of natural products with antimicrobial activity, which are termed 
phytoalexins if their biosynthesis is induced by microbial infection and phytoanticipins if 
their biosynthesis is constitutive (VanEtten et al., 1994), as the production of these small 
organic compounds is associated with resistance to microbial diseases such as that caused by 
the agronomically devastating rice blast pathogen Magneporthe grisea.   
Extensive phytochemical investigation has demonstrated that rice produces a number 
of phytoalexins in response to M. grisea infection (Peters, 2006). Intriguingly, the rice 
phytoalexins, with the exception of the flavonoid sakuranetin, all fall into the large family of 
labdane-related diterpenoid natural products characterized by minimally containing a labdane 
type bicyclic core structure.  Thus, along with the ubiquitous gibberellin phytohormone, rice 
produces more than 10 other labdane-related diterpenoids as phytoalexins.  These are 
momilactones A & B (Cartwright et al., 1977, 1981), oryzalexins A–F (Akatsuka et al., 1985; 
Kato et al., 1993, 1994; Sekido et al., 1986), oryzalexin S (Kodama et al., 1992), and 
phytocassanes A–E (Koga et al., 1997; Koga et al., 1995). In addition, momilactone B is 
constitutively secreted from rice roots 
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and acts as an allelochemical in suppressing germination in nearby seeds (Kato-Noguchi and 
Ino, 2003; Kato-Noguchi et al., 2002). The identified rice labdane-related diterpenoid 
natural products fall into five structurally related groups (Fig. 1), with the gibberellins being 
elaborated from ent-kaurene, oryzalexins A–F from ent-sandaracopimaradiene, 
phytocassanes A–E from ent-cassadiene, oryzalexin S from syn-stemodene, and 
momilactones A and B from syn-pimaradiene (Mohan et al., 1996; Wickham and West, 
1992; Yajima et al., 2004).   
Labdane-related diterpenoids share an unusual biogenetic origin, as their biosynthesis 
is uniquely initiated by a consecutive pair of terpene synthase catalyzed reactions. In the first 
reaction, the characteristic bicyclic core structure is formed by class II labdane-related 
diterpene cyclases, which catalyze protonation initiated cyclization of the universal 
diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP, 1) to produce a specific 
stereoisomer of labdadienyl/copalyl diphosphate (e.g. 2 and 3) or rearranged derivative 
structure such as clerodanyl diphosphate (MacMillan and Beale, 1999). The resulting 
cyclized diphosphate compounds can then be further cyclized and/or rearranged by more 
typical class I terpene synthases, which initiate catalysis via ionization of the allylic 
pyrophosphate group (Davis and Croteau, 2000). Notably, class I labdane-related diterpene 
synthases exhibit stereospecificity, e.g. all of the identified copalyl diphosphate (CPP) 
specific enzymes only react with single stereoisomers of CPP (Cho et al., 2004; Nemoto et 
al., 2004; Otomo et al., 2004a; Peters et al., 2000; Wilderman et al., 2004).   
Prototypical plant terpene synthases are similar in size and consist of two structurally 
defined domains that have been simply termed the N- and C-terminal domains because these 
are associated with the corresponding region of their polypeptide sequence (Starks et al., 
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1997; Whittington et al., 2002). While both class II and class I labdanerelated diterpene 
synthases are phylogenetically related to  other plant terpene synthases (Bohlmann et al., 
1998; Martin et al., 2004), these also invariably contain additional N-terminal sequence 
(approximately 210–240 amino acids) that has been termed the ‘insertional’ element. 
However, this sequence element was almost certainly present in the ancestral terpene 
synthase (Bohlmann et al., 1998; Martin et al., 2004; Trapp and Croteau, 2001), and is 
particularly well conserved, along with the central region that corresponds to the prototypical 
N-terminal domain, in class II diterpene cyclases (Xu et al., 2004). Class I terpene synthases 
contain a DDXXD motif in their C-terminal domain that is involved in ligation of the 
divalent metal ion co-factors required for their diphosphate ionization-initiated reaction 
mechanism (Davis and Croteau, 2000). By contrast, class II diterpene cyclases contain a 
DXDD motif in their central domain that is required for their protonation-initiated cyclization 
reactions (Peters and Croteau, 2002a; Peters et al., 2001). Indeed, the C-terminal domain has 
been termed the class I domain, with the prototypical N-terminal or central domain termed 
the class II domain (Christianson, 2006; Wendt and Schulz, 1998). Given the equally 
conserved nature of the ‘insertional’ element and central domain in class II diterpene 
cyclases, we suggest the use of class IIa and class IIb domains for these regions, respectively. 
Hence, the domain structure of plant labdanerelated diterpene synthases consists of the class 
IIa, class IIb, and class I domains, although these all seem to be structurally interdependent 
and can not be divided into separate polypeptides that exhibit the associated activity (Peters 
et al., 2003).  
Based on this characteristic domain structure and the class specific aspartate rich 
motifs, four class II and 11 class I labdane-related diterpene synthases have been found in the 
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extensive sequence information available for rice. All four class II genes have been 
characterized, demonstrated  toproduce CPP, and were termed CPP synthases (CPS); 
specifically OsCPS1-4, with OsCPS1 and OsCPS2 producing ent-CPP (2) for gibberellin and 
phytoalexin biosynthesis, respectively, OsCPS3 being a pseduo-gene, and OsCPS4 producing 
syn-CPP (3) (Otomo et al., 2004b; Prisic et al., 2004; Sakamoto et al., 2004; Xu et al., 2004). 
The class I labdane- related diterpene synthases have been termed kaurene synthases (KS), 
specifically OsKS1–10 (Margis-Pinheiro et al., 2005; Otomo et al., 2004a; Sakamoto et al., 
2004).  However, mutational analysis has demonstrated that only OsKS1 is involved in 
gibberellin biosynthesis and, presumably, produces kaurene (Margis-Pinheiro et al., 2005; 
Sakamoto et al., 2004). The other characterized family members do not produce kaurene (4) 
and some also have been given alternative names (e.g. OsDTC1, OsDTC2, and OsDTS2). 
Furthermore, the same OsKS nomenclature has been assigned to different genes by 
Sakamoto et al. (2004) and Margis-Pinheiro et al. (2005). Thus, to avoid confusion we have 
suggested use of OsKSL (rice kaurene synthaselike), with the numbering scheme used by 
Sakamoto et al. (2004) where appropriate, for the non-kaurene producing class I labdane-
related diterpene synthases from rice (Morrone et al., 2006). Accordingly, OsKS1 retains its 
original designation, but the syn-pimaradiene synthase originally termed OsDTS2 
(Wilderman et al., 2004) or OsKS4 (Otomo et al., 2004a) should be referred to as OsKSL4, 
the ent-cassadiene synthase originally referred to as OsDTC1 (Cho et al., 2004) is OsKSL7, 
the syn-stemarene synthase originally termed OsDTC2 (Nemoto et al., 2004) is OsKSL8, and 
the ent-sandaracopimaradiene synthase originally referred to as OsKS10 (Otomo et al., 
2004a) is OsKSL10 (see Table 1). As indicated by this listing, a number of the OsKSL 
family members were uncharacterized. Here we report cloning and characterization of many 
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of the OsKSL enzymes, along with more general analysis of this gene family, and 
comparison to a similar report that appeared during the preparation of this manuscript 
(Kanno et al., 2006). 
 
Results 
 
2.1. Identification of rice kaurene synthase-like genes 
Because of our interest in using CPP stereospecific diterpene synthases as model 
systems for investigating substrate and product specificity, we undertook a functional 
genomics based approach towards identifying the enzymatic activity of the corresponding 
class I labdane-related diterpene synthases from rice. Putative synthases were identified in 
silico using the sequence of the kaurene synthase from Arabidopsis thaliana in BLAST 
searches probing the extensive sequence information available for rice. The OsKSL genes 
were largely cloned on the basis of this information and assigned numbers by mapping onto 
the genome and comparison to the locations given by  (Sakamoto et al. 2004).  
  OsKS1 (AY347876) was obtained after identification of its role in GA biosynthesis 
via transposon insertional mutagenesis, as previously reported (Margis-Pinheiro et al., 2005). 
This partial cDNA clone was 99.9% identical to a recently released sequence (AB126933), 
and the one observed difference presumably reflects allelic variation, as both clones are from 
the japonica subspecies (ssp.) of rice.  
OsKSL2 was initially found as a predicted gene from genomic sequencing 
(CAE05199), and we were only able to obtain partial cDNA clones that do not cover the full 
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open reading frame (ORF), despite extensive efforts in both ssp. indica and japonica. We 
have deposited the largest such partial cDNA from ssp. japonica (DQ823350).    
OsKSL3 has previously been reported as a partial cDNA sequence (Margis-Pinheiro 
et al., 2005). However, sequencing of multiple cDNA clones from both ssp. indica and 
japonica, as well as re-sequencing of the original partial cDNA clone (AY347879), 
conclusively demonstrated that this gene contains a single base insertion after nucleotide 
1215 (DQ823351). The resulting frame-shift should result in a severely truncated protein 
(441 instead of 764 amino acid residues). Notably, whereas none of our other OsKSL clones 
have obvious splicing errors, all three of our OsKSL3 clones from ssp. indica cultivar (cv.) 
IR24 are mis-spliced at the border between exons 10 and 11 that joins nucleotides 1702 and 
1703, suggesting degradation of this downstream splice site in ssp. indica.  
OsKSL4 is the clone (AY616862) originally reported as OsDTS2 (Wilderman et al., 
2004), which is 99.3% identical to another cDNA (AB126934) that was separately reported 
as OsKS4 (Otomo et al., 2004a). Presumably the few observed differences are due to inter-
subspecies variation, as our OsKSL4/OsDTS2 clone is from ssp. indica cv. IR24 and the 
other is from ssp. japonica cv. Nipponbare.   
OsKSL5 was initially found in the rice full-length cDNA sequencing project, 
although only as a single clone containing a two-base deletion that should result in a 
truncated protein, although there are two single-base insertions that occur later in the 
sequence (AK121446). While we obtained this clone from the Rice Genome Resource Center 
(www. rgrc.dna.affrc.go.jp) and verified the frame-shift mutations, partial cDNA sequences 
reported later (AB126935 and AY347882) indicated OsKSL5 was a functional gene, i.e. at 
least some alleles did not contain these frame-shift mutations. Encouraged by this, we 
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proceeded to clone a cDNA covering the full ORF that also did not have the frame-shift 
mutations. This OsKSL5 cDNA was 99.0% identical to those previously reported, and the 
few observed differences are presumably due to the inter-subspecies variation between the 
ssp. japonica cv. Nipponbare used by others and the ssp. indica cv. IR24 that was the source 
of the clone reported here (DQ823352). 
OsKSL6 was originally found among the genes predicted from the rice genome 
(Sakamoto et al., 2004). Two overlapping partial cDNA sequences (AB126936 and 
AY347881) that together span the entire predicted ORF were later reported. We cloned a 
cDNA covering the full ORF (DQ823353). This was 99.9% identical to the previously 
reported partial cDNAs, and the one observed difference is presumably an allelic variant, as 
all sequences were from ssp. japonica cv. Nipponbare.  
OsKSL7was originally identified asOsDTC1(AB089272), which was cloned from cv. 
BL-1 rice (Cho et al., 2004). Here we report cloning a full-length ORF for OsKSL7 from ssp. 
indica cv. IR24 (DQ823354). This clone was 99.0% identical to the BL-1 derived ORF. 
Again, the few observed differences presumably are a result of inter-subspecies variation.   
OsKSL8was originally identified asOsDTC2 (AB118056), which was cloned from 
ssp. japonica cv. Nipponbare rice (Nemoto et al., 2004). We cloned two overlapping partial 
cDNAs, also from ssp. japonica cv. Nipponbare, which together covered the corresponding 
ORF. These were spliced together to (re)create an identical copy of the full length ORF for 
OsKSL8.   
OsKSL9 was originally reported to be a pseduogene (Sakamoto et al., 2004). In 
particular, the genomic sequence data indicates that the corresponding locus (Os11g28500) 
only encodes a partial ORF, which was not pursued.  
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OsKSL10 was initially found in the rice full-length cDNA sequencing project, 
although only as a single clone reported as containing two neighboring single-base insertions 
that would result in a truncated protein (AK072461). We also obtained this clone from the 
Rice Genome Resource Center.  However, re-sequencing of this full-length cDNA 
demonstrated that the frame-shift insertions were a result of sequencing errors, along with 
two mis-called bases in the same region. This verified sequence (DQ823355) was 99.8% 
identical to a partial cDNA (AB126937) reported as OsKS10 (Otomo et al., 2004a). Both 
clones were from ssp. japonica cv. Nipponbare, and the very few observed differences are 
presumably a result of allelic variation.   
OsKSL11 (DQ100373) is a full-length cDNA that has been previously reported from 
both ssp. indica and japonica (Morrone et al., 2006). Notably, corresponding sequence still 
cannot be located in the currently available rice genome (e.g. at www.gramene.org). 
 
2.2 Functional characterization of the rice kaurene synthase-like gene products 
All of the OsKS(L) proteins were expressed as fusions to the C-terminus of 
gluthathione-S-transferase (GSTOsKSL), which provided a convenient affinity tag for single 
step purification. When activity was not detected in the context of GST fusion proteins, it 
was necessary to turn to a thioredoxin fusion construct to obtain active recombinant 
preparations (i.e. for OsKSL8). The resulting recombinant fusion proteins were assayed with 
GGPP (1), ent- CPP (2), or syn-CPP (3) as substrate, and their enzymatic activity assessed by 
GC–MS analysis of organic extracts of these reactions. Enzymatic products were identified 
by GC–MS based comparison to authentic samples (Fig. 2).  All of the active enzymes were 
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specific for either ent- (2) or syn-CPP (3), and did not react with the alternative stereoisomer, 
nor with GGPP (1). 
 As expected from its known role in gibberellin biosynthesis (Margis-Pinheiro et al., 
2005; Sakamoto et al., 2004), OsKS1 specifically reacts with ent-CPP (2) to produce 
kaur-16-ene (4) (Fig. 2A–C). OsKSL3 contains a frameshift mutation and appears to be a 
pseudo-gene. Consistent with this interpretation, simply correcting the frame-shift does not 
restore activity, suggesting that other deleterious mutations have arisen. As previously 
demonstrated, OsKSL4 specifically utilizes syn-CPP (3) to produce pimara-7,15-diene (5) 
(Otomo et al., 2004a; Wilderman et al., 2004). Interestingly, both OsKSL5 and OsKSL6 
specifically react with ent-CPP (2) to produce (iso)kaur-15-ene (6) (Fig. 2D–G). As 
previously reported for OsKSL7 (Cho et al., 2004), our ssp. indica variant specifically 
utilizes ent-CPP (2) to produce cassa-12,15-diene (7) (data not shown). Unlike all the other 
OsKS(L), which each essentially produce only a single diterpene, it has been previously 
reported that OsKSL8 specifically utilizes syn-CPP (3) to produce 
stemar-13-ene (8) as its major product (approximately 70% of the total), along with 
significant (approximately 20%) production of another, unidentified diterpene (Nemoto et al., 
2004). Using our clone we observed the same product mix and were able to identify the 
unknown diterpene as stemod-12-ene (100) (Fig. 2H–L). As previously reported for 
OsKSL10 (Otomo et al., 2004a), our allelic clone specifically reacts with ent-CPP to produce 
(sandaraco/iso)pimara-8(14),15-diene (9) (data not shown). Finally, as we have previously 
demonstrated, OsKSL11 produces stemod-13(17)-ene (10) from syn-CPP (3) (Morrone et al., 
2006). 
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2.3 Analysis of inducible rice labdane-related diterpene synthase gene promoters 
A number of OsKSL enzymes are involved in phytoalexin biosynthesis (Fig. 1), and 
it has been reported that transcription of that specific subset of the OsKSL family, i.e. 
OsKSL4, OsKSL7, OsKSL8, and OsKSL10, is induced by either fungal elicitor or UV-
irradiation (Cho et al., 2004; Nemoto et al., 2004; Otomo et al., 2004a; Sakamoto et al., 
2004; Wilderman et al., 2004). Also reported was similarly induced transcription of the 
phytoalexin biosynthesis associated ent- and syn-CPP synthases, OsCPS2 and OsCPS4, 
respectively (Otomo et al., 2004b; Prisic et al., 2004; Sakamoto et al., 2004; Xu et al., 2004). 
Given the observed differences in transcriptional regulation of the various rice 
diterpene synthase genes and their common evolutionary origin, we expected that 
comparison of their promoter regions might identify cis-acting regulatory elements, 
specifically potential binding sites for transcription factors involved in the observed 
induction of OsKSL4, OsKSL7, OsKSL8, and OsKSL10, as well as OsCPS2 and OsCPS4. 
Because cis-acting elements are generally located within a kilobase (kb) of the initial exon, 
our analyses focused on the 1.0 kb of sequence upstream of the OsKS(L) and 
OsCPS genes (except for OsCPS4 where only 776 bases could be analyzed due to the 
presence of a gap in the genome sequence at this position). Due to the large number of 
potential binding sites that were identified, the results from searches for known transcription 
factor binding sites were difficult to interpret. To find sites conserved specifically within the 
inducible rice diterpene synthase promoters, we searched for sequence elements, on either 
strand, common to all the inducible OsCPS and OsKSL genes, but not found in either of the 
gibberellin biosynthesis associated and non-inducible OsCPS1 and OsKS1, promoter regions. 
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From this analysis we identified four 6-mer motifs: GTTTAT, GAAATT, TGCAAT, and 
ATATGG.  
In addition to the known involvement of labdane-related diterpene synthases, 
evidence has been reported suggesting that two other genes may be involved in rice 
diterpenoid phytoalexin biosynthesis. Specifically, while rice contains five genes 
homologous to kaurene oxidase (KO), the first cytochrome P450 involved in gibberellin 
biosynthesis (Olszewski et al., 2002), only one of these (i.e. OsKO2) is actually involved in 
phytohormone metabolism (Sakamoto et al., 2004). Transcription of the two most divergent 
paralogs, termed KO-like (i.e. OsKOL4 and OsKOL5), has been shown to be induced by 
either fungal elicitor or UV-irradiation, leading to the suggestion that OsKOL4 and OsKOL5 
are involved in rice diterpenoid phytoalexin biosynthesis (Itoh et al., 2004). Notably, two of 
the specifically conserved motifs identified above, GTTTAT and GAAATT, are also found 
in the promoter regions of the similarly regulated OsKOL4 and OsKOL5 genes, while not 
being found in that of the GA biosynthesis specific and non-inducible OsKO2 paralog. By 
contrast, the TGCAAT motif was not found in the promoter regions of the inducible OsKOL 
genes, while the ATATGG motif was found in the promoter region of the gibberellin 
biosynthesis associated and noninducible OsKO2, as well as that of OsKOL4 (although not 
OsKOL5). Thus, it seems likely that the two somewhat related GTTTAT and GAAATT 
motifs are regulatory elements involved in the observed similar transcription induction 
profiles of OsCPS2, OsCPS4, OsKSL4, OsKSL7, OsKSL8, OsKSL10, OsKOL4, and 
OsKOL5. These motifs also may be useful for identification of other enzymatic genes 
involved in rice phytoalexin biosynthesis, diterpenoid or otherwise (i.e. the flavonoid 
sakuranetin). 
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2.4  Sequence analysis of the rice kaurene synthase-like genes and enzymes 
As selected for by the in silico search strategy, all of the OsKS(L) genes share 
significant homology, 50–57% identity, to the kaurene synthase from A. thaliana (AtKS). 
The encoded proteins also share significant homology with AtKS, exhibiting 39–47% 
identity. AtKS is most closely related to OsKS1, sharing 47% identity at the amino acid 
level. By contrast, the OsKSL enzymes are only 39–43% identical to AtKS at the amino acid 
level. This is consistent with conservation of kaurene synthase activity for AtKS and OsKS1, 
and the release of such selective pressure for the OsKSL genes, enabling the observed 
evolution of divergent function. 
Alignment of the OsKS(L) family revealed 53–93% identity at the nucleotide level 
and 42–89% identity at the amino acid level (Fig. 3). Examining the resulting cDNA 
sequence based phylogenetic relationships demonstrates that the OsKSL genes are not 
broadly conserved by function (Fig. 4). For example, syn-CPP (3) and ent-CPP (2) specific 
OsKSL enzymes do not group together, as the syn-CPP (3) specific OsKSL4 is more closely 
related to the ent-CPP (2) specific OsKS1, OsKSL7, and OsKSL10 than the 
similarly syn-CPP (3) specific OsKSL8 and OsKSL11. There also is no clear phylogenetic 
relationship among the inducible versus non-inducible OsKSL genes. Although the inducible 
OsKSL4, OsKSL7, and OsKSL10 may share a common ancestor, these are only distantly 
related to the similarly regulated OsKSL8, being much more closely related to the un-
inducible OsKS1 instead. 
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Nevertheless, there are two closely related pairs of OsKSL genes that do have some 
functional characteristics in common. OsKSL5 and OsKSL6 are the two most closely related 
OsKSL family members, exhibiting 93.0% identity at the nucleotide level and 89.0% identity 
at the amino acid level, and both are ent-CPP (2) specific and produce isokaurene (6). 
Further, both are similarly regulated, as their transcription is not inducible by UV-irradiation 
or fungal elicitor (Otomo et al., 2004a; Sakamoto et al., 2004). OsKSL8 and OsKSL11 are 
similarly closely related, exhibiting 92.0% identity at the nucleotide level and 88.6% identity 
at the amino acid level, and both are syn-CPP (3) specific and produce biogenetically related 
stemarane (e.g. 8) and stemodane (e.g. 10 and 100) type diterpenes, whose cyclization 
mechanisms can be envisioned as largely overlapping (Fig. 5). Indeed, as demonstrated here, 
OsKSL8 produces significant amounts of both skeletal types (Fig. 2H–L). However, whereas 
OsKSL8 is associated with phytoalexin biosynthesis and exhibits inducible gene transcription 
(Nemoto et al., 2004), the physiological role of OsKSL11 remains unclear as its transcription 
does not appear to be inducible (Morrone et al., 2006). 
Consistent with their observed enzymatic activity, all the OsKS(L) enzymes contain 
the class I activity associated DDXXD divalent metal binding motif, and not the class II 
activity associated DXDD motif. Comparison of the OsKS(L) with KS from other plant 
species revealed that, unlike the class II labdane-related diterpene synthases (e.g. CPS) that 
are highly conserved across the class IIa and class IIb regions, but not the class I domain (Xu 
et al., 2004), class I labdane-related diterpene synthases [e.g. KS(L)] are conserved across the 
entire mature protein sequence (Fig. 6), i.e. excluding the poorly conserved plastid-directing 
transit sequence found in all mono- and di-terpenesynthases (Davis and Croteau, 2000). The 
observed conservation of the class I domain is consistent with previous suggestions that class 
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I activity in labdane-related diterpene synthases is carried out in an active site that is 
essentially entirely located in this DDXXD containing 
structural domain (Peters et al., 2003; Peters and Croteau, 2002b; Peters et al., 2001), just as 
found in other terpene synthases (Christianson, 2006). 
Finally, it seems worth mentioning that the observed difference between allelic copies 
of the various OsKSL genes is limited to P99.8% identity, while the difference between inter-
subspecies orthologs is 99.0–99.3% identity. The corresponding 0.7–1.0% inter-subspecies 
variation in the OsKSL gene family approximates the 0.5% rate of occurrence for single 
nucleotide polymorphisms/differences observed between the non repetitive regions of the 
genomic sequences of ssp. indica and japonica (Yu et al., 2002). 
 
Discussion 
The specificity of class I labdane-related diterpene synthases for particular 
stereoisomers of CPP provides a potential model system for investigating the underlying 
steric constraints in the active sites of these and, by extension, other terpene synthases. Such 
studies would be greatly assisted by the identification of closely related yet functionally 
distinct class I labdane-related diterpene synthases. Notably, terpene synthases are generally 
conserved by taxonomic origin rather than enzymatic activity (Bohlmann et al., 1998; Martin 
et al., 2004). Thus, in order to provide a model system for investigation of class I labdane-
related diterpene synthases, we have been engaged in a functional genomics based effort to 
elucidate the individual biochemical functions of each member of the rice kaurene synthase-
like (OsKSL) gene family. While the biochemical function of some of the corresponding 
enzymes have been previously reported, a number remained uncharacterized. Here we report 
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the completion of functional characterization of essentially all the individual family members 
(Table 1), which further enabled analysis of this gene family more generally. 
One notable finding from our earlier studies was the functional pairing of the gene 
encoding the syn-CPP synthase OsCPS4 near that for the syn-pimaradiene synthase 
(OsKSL4) in the rice genome (Wilderman et al., 2004). We also noted at that time that the 
genes encoding phytoalexin associated ent-CPP synthase OsCPS2 and the entcassadiene 
synthase OsKSL7 were similarly clustered together, along with OsKSL5 and OsKSL6, and 
hypothesized that the enzymes encoded by these latter two gene also would prove to be 
specific for ent-CPP (2), which has now been verified (Fig. 2D–G). Thus, the two gene 
clusters containing both class I and II labdane-related diterpene synthase are grouped by 
biochemical function and not co-regulation. In particular, each cluster represents a functional 
biosynthetic module encoding enzymes that act consecutively to produce and then use a 
specific stereoisomer of CPP (2, 3), but the genes are not necessarily regulated in the same 
manner (i.e. while transcription of OsCPS2 and OsKSL7 is inducible, that of OsKSL5 and 
OsKSL6 in the same gene cluster is not). 
In addition to these two class I and II labdane-related diterpene synthase containing 
gene clusters, the other mapped OsKSL genes cluster together. OsKS1, OsKSL2, and OsKSL3 
are group together in a tandem array, and OsKSL8 is found next to the partial pseudo-gene 
OsKSL9 (Sakamoto et al., 2004). Further, a similar partial gene sequence for another class I 
labdane-related diterpene synthase pseudo-gene is located near OsKSL10 (rice gene locus 
Os12g30800). Hence, OsKSL4 appears to be the only OsKSL not located near another such 
gene in the rice genome. While OsKSL11 still can not be found in the currently available rice 
genome, there is a ‘gap’ in the genome 
 55 
sequence near OsCPS4 and OsKSL4, and it is tempting to speculate that OsKSL11 resides in 
this ‘gap’, which would be consistent with clustering of the OsKSL genes, as well as 
functional clustering by enzymatic stereospecificity (i.e. the shared syn-CPP (3) specific 
nature of OsCPS4, OsKSL4, and OsKSL11). In any case, it has been noted that these gene 
clusters all contain retrotransposon-like elements, which has been suggested to underlie the 
observed extensive duplication of CPS and KSL genes in rice (Sakamoto et al., 2004), and 
presumably also enabled their assembly into the functional biosynthetic modules noted 
above. 
Intriguingly, it has been recently reported that barley (Hordeum vulgare) and wheat 
(Triticum aestivum) similarly contain multiple copies of CPS- and KS-like genes (Spielmeyer 
et al., 2004). This was based on chromosomal mapping using barley gene probes, which 
mapped to regions of the barley and wheat genomes that are syngenic with the rice labdane-
related diterpene synthase gene clusters, indicating that these gene clusters were assembled 
prior to the evolutionary divergence between barley, wheat, and 
rice. Furthermore, a number of the barley genes mapped onto the rice genome most strongly 
to rice genes now known to be involved in phytoalexin biosynthesis (e.g. OsCPS4 and 
OsKSL4), additionally suggesting that labdane-related diterpenoid secondary metabolism is 
widespread in the grass/cereal family (Poaceae). Consistent with this hypothesis, maize (Zea 
mays) has been shown to produce labdane-related diterpenes in response to fungal infection 
(Mellon and West, 1979), and phylogenetic analysis of the CPS gene family within the 
Poaceae has been used to suggest early CPS gene duplication and evolution of labdane-
related diterpenoid biosynthesis in cereal crop plants (Harris et al., 2005; Prisic et al., 2004).  
 56 
Given the number of genes examined here it is perhaps not surprising that evidence 
can be found for the on-goingprocess of evolution in the rice KS(L) gene family. For 
example, OsKSL3 appears to be a pseudo-gene undergoing gene ‘decay’. The corresponding 
cDNA clearly contains a frame-shifting single base insertion that severely truncates the 
encoded polypeptide. Furthermore, this sequence appears to have accumulated a number of 
other deleterious mutations, as simply restoring the ‘correct’ reading frame does not result in 
the production of an active class I labdane-related diterpene synthase, and the observed 
downstream mis-splicing of the corresponding cDNA sequences from ssp. indica is a further 
indication of gene ‘decay’, at least in this sub-species. 
The physiological role(s) of the isokaurene (6) produced by OsKSL5 and OsKSL6, as 
well as the stemodene (10) produced by OsKSL11, is not clear. Nevertheless, it seems likely 
that these diterpene hydrocarbons will be elaborated to more complex diterpenoid natural 
products that may have significant biological function(s). Given the important role in plant 
defense that the other non-gibberellin labdane-related diterpenoids play in rice and the non-
inducible nature of the associated cyclases, one plausible role for isokaurene- and stemodene-
derived diterpenoids would be to act as phytoanticipins and/or allelochemicals. An 
interesting alternative is that one or more such labdane related diterpenoid could act as 
distinct (i.e. non-gibberellin) signaling molecule(s), analogous to the recently reported role of 
labda-11,13-diene-8a,15-diol in tobacco (Seo et al., 2003). 
As a final note, while this manuscript was in preparation a similar study was 
published (Kanno et al., 2006), which reported identical findings regarding OsKSL3 (i.e. this 
is a pseudo-gene containing a frame-shifting single base insertion) and OsKSL6 (i.e. this 
encodes an ent-(iso)kaur-15-ene synthase). However, Kanno et al. (2006) do not report gene 
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promoter analysis, nor do they discuss KS(L) gene evolution. There also is one significant 
difference. Whereas our ssp. indica variant of OsKSL5 (OsKSL5i) encodes an entisokaurene 
synthase (Fig. 2D–G), their ssp. japonica variant of OsKSL5 (OsKSL5j; AB126935) encodes 
an ent-pimara-8(14),15-diene synthase, which represents 
deprotonation of the probable pimarenyl+ intermediate in cyclization of ent-CPP (2) to 
kaurane type diterpenes (Fig. 7). This difference in product outcome represents an intriguing 
example of sub-species specific difference in natural products metabolism, although the 
corresponding physiological significance is not clear as there are no currently known rice 
metabolites derived from either diterpene. Regardless, such emerging functional divergence 
in product outcome, at least in ssp. japonica, between the closely related and, therefore, 
presumably recently duplicated OsKSL5 and OsKSL6 is consistent with the hypothesis that 
there is selective pressure to differentiate similarly regulated genes, and serves as a further 
example of the continuing process of gene evolution in the KS(L) gene family. 
OsKSL5i and OsKSL5j share 98.1% identity at the amino acid level, and of the 
fifteen differences between their sequences, only three appear in or near the active site in 
modeled structures, and only two of these are conserved between OsKSL5i and OsKSL6, 
which both produce isokaurene. Because it has been demonstrated that very small numbers of 
substitutions in the active site of class I terpene synthases are sufficient to alter product 
profile (Greenhagen et al., 2006; Kollner et al., 2004; Yoshikuni et al., 2006), it seems likely 
that these two or three changes in active site residues between OsKSL5i and OsKSL5j (i.e. 
Val661, Ile664, and Ile718 in OsKSL5i, which are Leu, Thr, and Val, respectively, in 
OsKSL5j) may be responsible for the observed difference in product outcome (i.e. abortive 
production of pimara-8(14),15-diene (11) from ent-CPP (2) by OsKSL5j, rather than the 
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more complex cyclization to isokaurene (6) catalyzed by OsKSL5i), which will be used to 
guide future structure-function investigations. 
 
Conclusions 
In summary, we report here cloning and/or biochemicalcharacterization of seven 
members of the rice kaurene synthase-like gene family (Table 1). While some of these 
previouslyhad been analyzed either in vitro or by in planta mutagenesis, we verified here the 
expected production of ent-kaurene (4) by the gibberellin biosynthesis associated OsKS1, 
and have clarified the product composition resulting from OsKSL8 catalyzed cyclization 
(Fig. 2). In addition, novel data are reported demonstrating that OsKSL3 is a pseudo-gene, 
while OsKSL5i and OsKSL6 encode active enzymes that produce isokaurene (6) from ent-
CPP (2). With essentially all of the rice kaurene synthase-like genes characterized, it also was 
possible to carry out analysis of this gene family more broadly, revealing a pair of potential 
defense-related inducible promoter motifs, and enabling more detailed examination of the 
labdane-related diterpene synthase gene clusters found in the rice genome. This particularly 
included examination of related gene clusters, and associated diterpene metabolism, in other 
species from the grass/cereal family, suggesting the widespread occurrence, and continuing 
evolution, of defensive labdane-related diterpenoid secondary metabolism throughout this 
important crop plant family. Notably, such widespread retention of this type of defensive 
metabolism indicates that labdane-related diterpenes are particularly good scaffolds for 
assembling antibiotic compounds and further suggests that these natural products will prove 
to be important components of the defense response in many, if not all, cereal crop plants. 
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Materials and Methods 
5.1. General chemicals 
Unless otherwise noted, all chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire,UK) and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Prior to use CH3CN and DMF were distilled from P2O5 and stored 
over 3A ˚ molecular sieves. 
 
5.2. Instrumentation 
All NMR spectroscopy was carried out in the School of Chemical Sciences NMR 
facility at the University of Illinois.  1H NMR spectra in CDCl3 and CD3OD were 
referenced internally with CHCl3 (7.26 ppm) or with CD3OH (4.78 ppm). 31P NMR spectra 
was carried out in CD3OD with 85% H3PO4 as external reference (0.00 ppm). Gas 
chromatography–mass spectrometry (GC–MS) analyses were performed using an HP1-MS 
column on an Agilent (Palo Alto, CA, USA) 6890N GC instrument with a 5973N mass 
selective detector located in the W.M. Keck Metabolomics Research Laboratory at Iowa 
State University, as previously described (Xu et al., 2004). Briefly, 5 lL samples were 
injected at 40 _C in splitless mode, the oven temperature held for 3 min, then raised at 20 
_C/min to 300 _C, and held there for 3 min. MS data were collected 
from 50 to 500 m/z during the temperature ramp.  
 
5.3. Diterpene substrates and standards 
GGPP (1) was purchased from Sigma–Aldrich. The acquisition of reference  samples 
of sandaracopimaradiene, ent-kaurene (4), syn-pimaradiene (5), and syn-stemarene (8), along 
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with the preparation of syn-CPP (3), have been previously described (Mohan et al., 1996). A 
reference sample of ent-isokaurene (6) was prepared by separation of a 1:1 mixture of endo- 
and exo-cyclic isomers (6 and 4, respectively) obtained by I2 equilibration of ent-kaurene (4) 
(Bell et al., 1966) using AgNO3-silica gel chromatography (Williams and Mander, 2001). 
The exo- and endo-isomers of syn-stemodene (10 and 100, respectively) have also been 
previously described (White and Somers, 1994), and later separated and characterized 
(Morrone et al., 2006). A reference 
sample of ent-cassadiene (7) was kindly provided by Drs. Arata Yajima and Goro Yabuta 
(Yajima et al., 2004). 
 
5.4. Synthesis of ent-CPP 
While the preparation of ent-CPP (2) has been previously described (Mohan et al., 
1996), it was prepared for this study using a modified procedure. For this process 
ent-copalol (0.73 g) was obtained from Brazilian copal resin as previously outlined (Mohan 
et al., 1996). The modified procedures for conversion of ent-copalol to the 
diphosphate is presented below. 
 
5.4.1. Ent-copalyl chloride 
The preparation of ent-copalyl chloride followed the method of Collington and 
Meyers (Meyers and Collington, 1971). A solution of ent-copalol (0.050 g, 0.171 mmol) and 
2,4,6-collidine (0.208 g, 1.71 mmol) under N2 was stirred and cooled at 0 _C as a suspension 
of LiCl (0.073 g, 1.712 mmol) partially dissolved in dry DMF (3.0 mL) was added. 
CH3SO2Cl (0.059 g, 0.514 mmol) was added dropwise. After 1.5 h at 0 _C, the pale yellow 
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reaction mixture was poured into ice-water (10 mL), and the product was extracted with cold 
ether (4 · 20 mL). The combined organic phases were washed with saturated aqueous 
Cu(NO3)2 (2 · 10 mL), 5% NaHCO3 (2 · 10 mL) and brine (2 · 10 mL), dried (MgSO4), and 
evaporated to yield a colorless oil (0.050 g; 95% yield), which was used without further 
purification. 1H NMR (400 MHz, CDCl3)d 5.40 (tm, J = 8.1 Hz, 1H, @CHCH2), 4.81 (br s, 
1H, @CH2), 4.48 (br s, 1H, @CH2), 4.09 (d, J = 7.9 Hz, 2H, CH2OPP), 2.37 (ddd, J = 12.7, 
4.0, 2.4 Hz, 1H), 2.16 (tt, J = 9.9, 4.3 Hz, 1H), 1.95 (td, J = 13.0, 4.9 Hz, 1H), 1.80–1.88 (m, 
1H), 1.73–1.75 (m, 1H), 1.71 (s, 3H, CH3C@), 1.53–1.57 (m, 2H), 1.44–1.52 (m, 1H), 1.38–
1.40 (m, 1H), 1.35–1.37 (m, 1H), 1.27–1.33 (m, 1H), 1.24–1.26 (m, 1H), 1.15–1.20 (m, 1H), 
1.06 (dd, J = 12.5, 2.6 Hz, 1H), 0.95–1.02 (m, 1H), 0.85 (s, 3H), 0.78 (s, 3H), 0.66 (s, 3H) 
ppm; 13C NMR (100 MHz, CD3OD) d 148.3, 143.5, 124.3, 106.1, 55.8, 55.3, 41.9, 41.1, 
38.8, 38.0, 33.4, 30.1, 24.2, 21.7, 21.5, 19.9, 16.0, 14.3 ppm.  
 
5.4.2. Ent-CPP.  
The conversion of ent-copalyl chloride to ent-CPP (2) was modeled after two 
methods already in the literature (Mohan et al., 1996; Woodside et al., 1993) using 
previously described ion exchange and purification methods (Zhao, 2005). In a dry vial 
equipped with a stirring bar were placed ent-copalyl chloride (0.050 g, 0.162 mmol) and dry 
4A ˚ molecular sieves (0.70 g). Dry CH3CN (2.0 mL) and HOPP (NBu4)3 (0.296 g, 0.324 
mmol) were added quickly. The vial was sealed with a septum and purged with N2, and the 
suspension was stirred at room temperature for 12 h. The solids were removed by filtration 
and washed with CH3CN (70 mL). The CH3CN filtrate was washed with pentane (3 · 10 
mL), and CH3CN was removed with a rotary evaporator. The remaining 
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tetrabutylammonium salt was dissolved in 18 mL of 0.2% (w/v) NH4HCO3 and 2% (v/v) 
isopropyl alcohol in H2O (solvent A) and applied to a Bio-Rad AG50W-X8 ion exchange 
column (d 1.2 cm, h 25 cm, volume 30 mL) that had previously been freshly washed with 
saturated NH4OH and deionized water until pH 7.0, and the column was eluted with solvent 
A (42 mL). The total eluate (_60 mL) was lyophilized three times for 3 h each. The crude 
white powder was suspended in dry MeOH (8 mL), vortexed, and centrifuged, then the 
supernatant removed and concentrated to 0.5–0.6 mL in vacuo. This 
extraction/vortexing/centrifugation/concentration procedure was repeated three times. 31P 
NMR analyses of the four supernatant fractions were conducted to determine the ratio of 
product diphosphate (2d, dP _8 to _9 ppm) to PPi (s, dP + 3 ppm). Supernatant fractions 1 
and 2 were combined and concentrated to give ent-CPP (2) NH4 salt as a white powder, 
which was not further purified (yield: 17.6 mg, purity 82%), in 19% overall yield for the two 
steps from ent-copalol. 31P NMR (376 MHz, CD3OD) d _8.25 (d, J = 16.6 Hz, 1P), _8.85 
(d, J = 19.3 Hz, 1P) ppm; 1H NMR (400 MHz, CD3OD) d 5.37 (tm, J = 8.0 Hz, 1H, 
@CHCH2), 4.83 (s, 1H, @CH2), 4.52 (s, 1H, @CH2), 3.35 (br s, 2H, CH2OPP), 2.39 (ddd, 
J = 12.5, 4.0, 2.4 Hz, 1H), 2.11–2.18 (m, 1H), 1.95–2.01 (m, 1H), 1.82–1.87 (m, 1H), 1.73–
1.80(m, 1H), 1.69 (s, 3 H, CH3C@), 1.57–1.64 (m, 2H), 1.46–1.51 (m, 1H), 1.40–1.44 (m, 
1H), 1.36–1.40 (m, 1H), 1.33 (dd, J = 13.0, 4.3 Hz, 1H), 1.26–1.30 (m, 1H), 1.17–1.25 (m, 
1H), 1.12 (dd, J = 12.7, 2.6 Hz, 1H), 1.00–1.07 (m, 1H) ppm. 
 
5.5. Plant material 
Rice plants (Orzya sativa L. ssp. indica cv. IR24), and seedlings (ssp. japonica cv. 
Nipponbare) were those previously described (Xu et al., 2004). Briefly, leaves were detached 
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from 4-week-old greenhouse grown plants and UV-irradiated for 25 min from 15 cm with 
254 nm wavelength light. These were then incubated for 24 h in dark humid conditions at 30 
_C. Seedlings were germinated from surface sterilized seeds on filter paper on top of 1.2% 
agar plates (eight seeds per plate) incubated in the dark at 30 _C for one week. The seedlings 
were then sprayed with approximately 2 mL 0.1% Tween 20 containing 0.5 mM methyl 
jasmonate per plate and incubated under the same conditions for 24 h. Total RNA was 
extracted using the Concert Plant RNA Reagent, and mRNA purified using Dynabeads 
Oligo(dT)25 (Dynal Biotech, Oslo, Norway). 
 
5.6. Cloning 
The OsKSL genes were largely obtained via RT-PCR using the primer pairs shown in 
Table 2. All of the genes were initially cloned into pCR-BluntII-TOPO and completely 
sequenced. The corresponding ORFs were then transferred to the Gateway vector system via 
PCR amplification and directional topoisomerization based insertion into pENTR/SD/D-
TOPO and verified by complete sequencing. The resulting clones were subsequently 
transferred via directional recombination to the T7-based N-terminal GST fusion expression 
vector pDEST15 and, for OsKSL8, the T7-based N-terminal thioredoxin fusion expression 
vector pTH8 (Hammarstro¨m et al., 2002).  
For OsKS1 we used the partial cDNA (AY347876) previously reported as OsKS1A 
(Margis-Pinheiro et al., 2005). For OsKSL2, despite repeated attempts with both RT-PCR 
and RACE reactions from both ssp. japonica cv. Nipponbare and ssp. indica cv. IR24, it was 
only possible to generate fragmentary sequence information. The largest such partial cDNA 
(1545 nucleotides), from ssp. japonica cv. Nipponbare, was deposited (DQ823350). For 
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OsKSL3 three independent full-length cDNAs were obtained from both ssp. japonica cv. 
Nipponbare and ssp. indica cv. IR24 rice. All six clones contained an ‘extra’ adenosine base 
after nucleotide 1215 of the originally predicted sequence. This was further confirmed by re-
sequencing of the originally reported partial cDNA clone (AY347879), which also proved to 
contain this frame-shift insertion. The three clones from ssp. indica cv. IR24 were 
additionally mis-spliced between exons 10 and 11 (joining nucleotides 1702 and 1703), with 
one being un-spliced (i.e. containing the corresponding intron) and the other two missing 
nucleotides 1703–1709 (i.e. as a result of being spliced at the wrong nucleotide). Outside of 
these splicing differences the six full-length clones were approximately 99% identical, with 
almost all of the differences arising from inter-subspecies variation between the ssp. indica 
and ssp. japonica clones. A representative cDNA clone from ssp. japonica cv. Nipponbare 
has been deposited (DQ823351). The frame-shift insertion in this particular cDNA was also 
‘removed’ by PCR-based mutagenesis to generate a ‘corrected’ OsKSL3. Cloning of 
OsKSL4 from ssp. indica cv. IR24 has been previously reported (Wilderman et al., 2004). 
For OsKSL5 two independent clones were obtained from ssp. indica cv. IR24 and fully 
sequenced, demonstrating complete identity, to verify the deposited sequence (DQ823352). 
For OsKSL6 two independent clones were obtained from ssp. japonica cv. Nipponbare and 
fully sequenced, demonstrating complete identity, to verify the deposited sequence 
(DQ823353). For OsKSL7 two independent clones were obtained from ssp. indica cv. IR24 
and fully sequenced, demonstrating complete identity, to verify the deposited sequence 
(DQ823354). For OsKSL8 we were not able to clone a full-length cDNA, instead 
consistently finding the closely related OsKSL11 in both ssp. indica and japonica (Morrone 
et al., 2006). It was possible to clone partial cDNA fragments separately corresponding to the 
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first 1715 and last _900 nucleotides of the reported ORF of OsKSL8 (AB118056; 2463 
nucleotides total). However, sequencing of the 30 end fragment revealed a 21 nucleotide 
deletion in the last exon (i.e. nucleotides 2171–2192 
were missing), which is extremely GC-rich and contains quite repetitive sequence elements 
in this region. Attempts to clone a 30 end fragment with the correct sequence were 
unsuccessful, and ultimately the missing nucleotides were inserted via PCR extension, and 
the full-length ORF subsequently re-created using the 50 end and corrected 30 end fragments 
in a mega-primed PCR approach. For OsKSL10 a full-length cDNA was obtained from the 
Rice Genome Resource Center (ssp. japonica cv. Nipponbare), re-sequenced, and the 
corrected sequence deposited (DQ823355). Cloning of OsKSL11 from both ssp. indica and 
japonica has been previously reported (Morrone et al., 2006). 
 
5.7. Recombinant expression 
Heterologous expression was performed using the Over-Express C41 strain of E. coli 
(Avidis, France), as previously described (Xu et al., 2004). Briefly, 50-mL NZY cultures 
inoculated from 5 to 7 individual transformants/colonies were grown at 37 _C to mid-log 
phase (A600 _ 0.6), then transferred to 16 _C for 1–2 h prior to induction with 1 mM IPTG 
for overnight (14–18 h) expression. Cells were harvested by centrifugation, resuspended in 1 
mL cold lysis buffer (50 mM Bis–Tris, pH 6.8, 1 mMDTT), lysed by mild sonication (15 s, 
continuous output, half-maximum power), and clarified by centrifugation (40,0000g, 20 
min). Recombinant GST-tagged proteins were purified using GST-agarose beads (Sigma–
Alrich, St. Louis, MO, USA) in batch mode. The thioredoxin-OsKSL8 fusion protein was 
only partially purified using ceramic hydroxyapetite type II (BioRad, Hercules, CA, USA) in 
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batch mode.  The batch purification was carried out at 4 _C during which clarified extract 
was incubated 5–10 min with _0.3 mL beads, washed 5 times with 1 mL lysis buffer, then 
eluted in 0.5 mL (either 10 mM glutathione in lysis buffer for GST-OsKSL bound to 
glutathione beads, or 0.2 M sodium phosphate, pH 6.8, for thioredoxin-OsKSL8 bound to 
ceramic hydroxyapetite), the resulting eluate was filtered (0.2 lm) and immediately used in 
enzymatic assays. 
 
5.8. Functional characterization 
Assays were generally carried out with GGPP (5 lg) as substrate in coupled reactions 
with either the syn-CPP synthase OsCPS4 or ent-CPP synthase ZmCPS2/An2 (Harris et al., 
2005), both expressed and purified as GST-fusion proteins.  For every gene product 
individual enzyme assays also were run with 5 lg GGPP (1), ent-CPP (2), or syn-CPP (3) 
directly. Reactions were run in 0.5 mL assay buffer (50 mM Hepes, pH 7.2, 10 mM MgCl2, 
10% glycerol, and 5 mM DTT) using 25 lL recombinant CPS and/or 25 lL recombinant 
OsKS(L) for 3–16 h at roomtemperature. These assays were extracted three times with an 
equal volume of hexanes, which were pooled, dried under nitrogen, and re-dissolved in 100 
lL of hexanes prior to GC–MS analysis. 
 
5.9. Sequence analysis 
BLAST searches were carried out on-line at both Gen-Bank (www.ncbi.nih.gov) and 
TIGR (www.tigr.org). The cloned cDNAs were mapped back onto the rice genome by web-
based alignment at Gramene (www.gramene.org), and the corresponding up-stream 
sequences also obtained here. Notably, 776 bases upstream of the OsCPS4 gene there seems 
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to be a gap in the genome sequence, as represented by a stretch of several hundred 
unidentified bases (i.e. ‘N’s). Promoter analysis was done on-line at PlantCare 
(bioinformatics.psb.ugent.be/webtools/plantcare/html) and TAIR 
(www.arabidopsis.org/tools/bulk/motiffinder/index.jsp). All other sequence analysis was 
carried out with the VectorNTI software package (Invitrogen) using standard parameters. 
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Fig. 1. Known labdane-related diterpene cyclization reactions in rice. The corresponding 
cyclases are indicated, along with their products and, where known, the derived natural 
products (dashed arrows indicate multiple biosynthetic steps). 
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Fig. 2. GC–MS analysis of products formed by selected OsKS(L). (a) Chromatograph of the 
product formed by OsKS1 from ent-CPP. (b) Mass spectrum of OsKS1 product peak (RT = 
13.01 min). (c) Mass spectrum of authentic ent-kaur-16-ene (4) (RT = 13.01 min). (d) 
Chromatograph of the product formed by OsKSL5 and OsKSL6 (as indicated) from ent-CPP. 
(e) Mass spectrum of OsKSL5 product peak (RT = 12.80 min). (f) Mass spectrum of 
OsKSL6 product peak (RT = 12.80). (g) Mass spectrum of authentic ent (iso)kaur-15-ene (6) 
(RT = 12.81 min). (h) Chromatograph of the products formed by OsKSL8 from syn-CPP. (i) 
Mass spectrum of the major OsKSL8 product peak (RT = 12.45 min). (j) Mass spectrum of 
authentic syn-stemar-13-ene (8) (RT = 12.45). (k) Mass spectrum of the minor OsKSL 
product peak (RT = 12.54). (l) Mass spectrum of authentic syn-stemod-12-ene (100) (RT = 
12.55). 
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Fig. 3. Sequence comparison of the rice kaurene synthase-like enzymatic family. Shown are 
all the active enzymes, with the DDXXD motif underlined. 
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Fig. 4. Phylogenetic tree illustrating the relationship of the OsKSL gene family based on 
alignment of the corresponding cDNA (ORF only) sequences. Indicated is the enzymatic 
stereospecificity and inducible or non-inducible nature of the corresponding gene 
transcription. 
 
 
 
Fig. 5. Proposed biogenetic cyclization mechanisms leading to formation 
of stemarene (8) and stemodene (10) with the product outcomes catalyzed 
by OsKSL8 and OsKSL11 indicated (dotted bonds indicate alternative 
locations for the carbon–carbon double bond). 
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Fig. 6. Histograph depicting amino acid sequence similarity over all KS(L), i.e. class I 
labdane-related diterpene synthases (numbering based on the consensus sequence). Also 
depicted is the approximate corresponding domain structure defined in the text, along with 
approximate location of the class I associated DDXXD motif (T indicates transit 
peptide region). 
 
 
 
 
Fig. 7. Proposed biogenetic cyclization mechanism catalyzed by OsKSL5i 
to produce iso-kaurene (6), along with the abortive production of pimara- 
8(14),15-diene (11) catalyzed by OsKSL5j. The further cyclization 
catalyzed by OsKSL5i is indicated by the arrow marked ‘i’, the 
deprotonation catalyzed by OsKSL5j is indicated by the arrow marked ‘j’. 
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Postscript 
 
The difficulties with protein purification and activity encountered with this study 
prompted us to begin investigating alternative ways to produce diterpene for investigation.  
Among the various expression approaches and hosts, including yeast and a variety of 
different fusion tags – GST, MBP, his, and thioredoxin, it appeared that an alternative 
metabolic engineering approach was most promising.       
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Chapter IV 
 
Increasing diterpene yield with a modular metabolic engineering system in E. coli: 
comparison of MEV and MEP isoprenoid precursor pathway engineering 
 
Preface 
 This chapter represents a rather long, and continual, work in progress.  Some of the 
experimental challenges of joining a new laboratory include a lack of developed protocols 
and methodologies for investigating questions.  However, I think this also provides an 
incredibly unique opportunity to innovate new approaches and methods for experimental 
procedures.  Some of the challenges we faced were a lack of biosynthetic intermediates for 
pathway elucidation, enzyme substrates, product identification, and a means to assay 
enzymes with ease and reliability.  The first time I investigated metabolic engineering, I was 
quite interested with this technique’s ability.  I saw in it such an elegant means to support 
biochemical studies, while also providing solutions to many of the problems we faced.  One 
of the more interesting aspects of metabolic engineering to me is the broad sample space that 
presents an experimental playground.  Seemingly small changes in growth conditions, 
template stability, enzyme engineering, gene combinations can have drastic changes in 
several areas of outcome.  If one had told me that at the end of my graduate career we could 
produce nearly half a gram of pure diterpene in a few simple steps, I would have been a little 
skeptical. 
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Abstract 
 Engineering biosynthetic pathways in heterologous microbial host organisms offers 
an elegant approach to pathway elucidation via facile incorporation of putative biosynthetic 
enzymes and characterization of any resulting novel metabolites.  Our previous work in E. 
coli demonstrated the feasibility of a facile modular approach for engineering the production 
of labdane-related diterpene (20 carbon) natural products. However, yield was limited (≤0.1 
mg/L) due to reliance on endogenous production of the isoprenoid precursors dimethallyl 
diphosphate (DMAPP) and isopentenyl diphosphate (IPP).  Here we report incorporation of 
either a heterologous mevalonate pathway (MEV) or enhancement of the endogenous methyl 
erythritol phosphate pathway (MEP) with our modular metabolic engineering system.  With 
MEP pathway enhancement, it was found that pyruvate supplementation of rich media and 
simultaneous over-expression of three genes (idi, dxs, and dxr) resulted in the greatest 
increase in diterpene yield, indicating distributed metabolic control within this pathway.  
Incorporation of a heterologous MEV pathway in bioreactor grown cultures resulted in 
significantly higher yields than MEP pathway enhancement.  Accordingly, we have 
established suitable growth conditions for diterpene production levels ranging from 10 to 
>100 mg/L of E. coli culture.  These amounts are sufficient for NMR analyses, enabling 
characterization of enzymatic products and, hence, pathway elucidation.  Furthermore, these 
results represent an up to >1,000-fold improvement in diterpene production from our facile, 
modular platform, with MEP pathway enhancement offering a cost effective alternative with 
reasonable yield. Finally, we reiterate here that this modular approach should be amenable to 
the production of any terpenoid natural product in E. coli.   
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Introduction 
Metabolic engineering to introduce heterologous biosynthetic pathways into 
microbial host organisms offers an elegant method for not only the production of “natural” 
products, but also for pathway elucidation and biochemical enzymatic investigation.  In vivo 
production of appropriate precursors as substrates for putative, recombinantly co-expressed 
biosynthetic enzymes, coupled with characterization of the resulting product, provides a 
means for investigating enzymatic specificity and, hence, their role in metabolic pathways.  
Emerging genomic sequences from a variety of organisms highlights the need to functionally 
investigate the encoded multifaceted metabolism.  Central to any metabolic engineering 
effort is the ability to redirect appreciable carbon flux from central metabolism towards 
desired heterologous end products, which assumes particular importance when the 
production of novel metabolites necessitates their structural analysis.   
Among the most interesting biosynthetic pathways are those producing natural 
products, which present a rich source of chemical diversity.  However, these compounds are 
often found in low abundance, are difficult to isolate, and refractory to chemical synthesis, 
thus making them a challenge for investigation [1].  Among the natural products, over 
100,000 low molecular weight compounds known as secondary metabolites have been 
identified.  Although, by definition, these compounds are not required for normal growth and 
development, they do perform a variety of biological functions, including antimicrobial 
defense and growth regulation [3].  In addition, about half of all prescribed therapeutic drugs 
in use today, particularly the invaluable antibiotics, have their origins in natural products, 
either directly or as semi-synthetic derivatives [2].   
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The largest family of natural products is the terpenoids or isoprenoids (>40,000), 
comprised of various numbers of five carbon isoprene units, which are derived from 
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) precursors [3].  In 
nature there are two routes leading to IPP and DMAPP, the methyl-erythitol phosphate 
(MEP) and mevalonic acid (MEV) pathways (Scheme 1).  While the MEV pathway, found 
primarily in eukaryotes, begins with acetyl-CoA, the prokaryotic and plant plastid MEP 
pathway is initiated by condensation of glyceraldehyde-3-phosphate (G3P) and pyruvate [4].  
The resulting IPP and, in the case of the MEP pathway, its allylic isomer DMAPP, can be 
interconverted to balance their use in production of longer chain isoprenoid precursors.  
These precursors are produced by prenyltransferases via the addition of IPP to allylic 
diphosphate precursors, beginning with DMAPP, to sequentially produce geranyl 
diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate (GGPP).  
These are the immediate precursors of the C10 mono-, C15 sesqui-, and C20 di-terpenoids, 
respectively.   
We have previously reported the development of a modular metabolic engineering 
system for facile investigation of diterpene synthases [10]. In particular, we used co-
expresssion of a GGPP synthase with various combinations of the class II cyclases and class 
I synthases responsible for the two-step enzymatic conversion of GGPP into multicyclic 
labdane-related diterpenes, although this system can be used with any diterpene synthase  
(and, with minor modification, any terpene synthase).  However, the resulting diterpene 
yields were relatively low (≤100 µg/L of recombinant bacterial culture), preventing use of 
the system for characterization of novel enzymatic activities. These initial investigations 
relied on use of the endogenous pools of IPP and DMAPP. Previous work, generally targeted 
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at production of individual or small groups of terpenoids, often carotenoids (C40 
tetraterpenoids whose phytoene precursor is formed by condensation of two GGPP), has 
demonstrated that engineering the MEV and MEP pathways can dramatically increase 
isoprenoid yield, as recently reviewed by Kim [5]. Here we report that such precursor 
pathway engineering also dramatically increases yield (up to >1,000-fold) in the context of 
our modular system, which provides a means for its use in de novo investigation of novel 
enzymatic activity and, hence, corresponding metabolic pathways.  Our investigations further 
highlight a number of practical issues that can be important considerations in the application 
of isoprenoid precursor pathway engineering.   
 
Results 
Initial optimization of growth conditions 
 To minimize the number of manipulations necessary to measure diterpene production, 
the bifunctional diterpene cyclase abietadiene synthase from Abies grandis (AgAS) was co-
expressed with a GGPP synthase, also from grand fir, using the previously described pGGAS 
dual expression vector [10].  Transformation of this vector is sufficient to endow the 
resulting recombinant E. coli with the ability to produce the expected abietadiene (Scheme 
2). Production of this diterpene was analyzed under a variety of growth conditions, 
particularly variation in liquid growth media and length of post-induction culture 
fermentation.  With this minimally engineered strain (pGGAS only) it was found that rich TB 
media enabled higher cell densities and diterpene yield.  This increase in yield was 
particularly evident with longer fermentations, which exhibited continued accumulation of 
abietadiene up to the point at which cell densities started to decrease (Figure 1), as measured 
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by absorbance at 600 nm (A600).  Culture viability and, hence, diterpene yield, was extended 
by growing the cells in liquid media alone, rather than the previously described 2% (wt/vol) 
hydrophobic bead containing conditions. No loss of diterpene was observed even after 
prolonged growths of up to a week in duration, suggesting that at the optimal 20°C 
production growth temperature loss to volatilization or bacterial degradation is minimal. 
Through these various improvements in growth conditions, abietadiene yield was increased 
~25-fold, from the previously reported ~0.1 mg/L bacterial culture to over 2 mg/L.  
 
Engineering the endogenous MEP pathway 
Previously reported engineering of the endogenous MEP isoprenoid precursor 
pathway indicates that terpenoid yield in E. coli can be increased by over-expression of three 
of the relevant enzymatic genes; 1-deoxy-D-xylulose-5-phosphate synthase (dxs), 1-deoxy-
D-xylulose-5-phosphate reductase (dxr), and/or isopentenyl diphosphate isomerase (idi) [5].  
However, these studies differed in which genes were found to be beneficial and over-
expressed, at most, only two of these three.  Thus, the ability of over-expression of these 
MEP pathway genes to increase diterpene production was explored here by the creation of 
compatible expression vectors carrying either single genes (pDXS, pDXR, pIDI), two gene 
combinations (pDR, pDI, pIR), or all three genes (pIRS). Each of these was co-transformed 
with pGGAS and abietadiene yield from the resulting recombinant E. coli determined in 
duplicate (see Table 2).  Over-expression of idi, either alone or in combination with dxs 
and/or dxr, consistently increased diterpene yield. By contrast, over-expression of dxr, dxs, or 
both, actually decreased diterpene yield.  In addition, while co-expression of idi with either 
dxs or dxr increased diterpene yield relative to over-expression of dxs or dxr alone, the 
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resulting level remained below that of the control (pGGAS only) strain.  Nevertheless, over-
expression of dxs, dxr, and idi together increased diterpene yield, even beyond that observed 
with idi alone, although this was limited to a ~3-fold increase relative to the control.  
 
Addition of a heterologous MEV pathway 
Dramatic increases in bacterial isoprenoid yield resulting from the introduction of a 
heterologous MEV pathway from Sacchromyces cereviseae have been reported by the 
Keasling group [12].  This was accomplished by providing the enzymatic genes necessary for 
the production of mevalonate from acetyl-CoA (in a synthetic operon encoding the “top half” 
of the MEV pathway) with the pMevT vector, while those for the production of IPP from 
mevalonate (in a synthetic operon encoding the “bottom half” of the MEV pathway), along 
with idi, were provided by the pMBI vector.  Notably, feeding mevalonate to recombinant 
strains containing pMBI only was sufficient to essentially replicate the increased isoprenoid 
yield obtained by addition of the full MEV pathway (i.e., use of both pMevT and pMBI).  By 
design, our modular metabolic engineering system is compatible with pMBI, which has been 
previously used to increase diterpene yield [10]. However, due to the associated expense of 
mevalonate feeding, incorporation of the full MEV pathway also was pursued.   
 In an attempt to reduce the number of plasmids necessary for diterpene production, 
the GGPP synthase from grand fir was transferred from pGGAS to the synthetic operon in 
pMBI, producing pMBID.  Unfortunately, co-expression of pMBID with AgAS alone (from 
a separate pDEST14 expression vector rather than pGGAS) resulted in the production of very 
little abietadiene. This may be due to the noticeably poor growth of the corresponding 
recombinant strain, for which cell densities in shake flask cultures were A600 ≤4.0.   
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The Keasling group has previously reported that incorporation of an additional copy 
of a truncated form of 3-hydroxy-3-methylglutaryl-CoA reductase (hmgr) to the “bottom 
half” of the MEV pathway further increases isoprenoid yield [13]. Further, pMevT is not 
compatible with our modular metabolic engineering system. In particular, while pMevT is 
compatible with pDEST, it is incompatible with the pACYCDuet vector series typically used 
for expression of the class II diterpene cyclases catalyzing the initial cyclization reaction in 
labdane-related diterpene biosynthesis [9, 10].  Hence, the synthetic operon from pMevT was 
moved into the dual expression vector pETDuetDEST that also encoded an additional copy 
of the truncated hmgr gene under control of a separate promoter, creating pMTH.  Co-
expression of pMBI with pGGAS, along with feeding mevalonate to 20 mM, increased the 
yield of abietadiene. Although the effect was limited to only a ~2-fold increase, this appeared 
to be a result of relatively poor growth of the resulting recombinant strain, as the yield 
normalized by cell density was quite high.  Addition of the full MEV pathway using pMevT 
resulted in quite high abietadiene yield, which could be further increased by incorporation of 
the extra copy of truncated hmgr via use of pMTH instead of pMevT (Table 1).   
 
Re-optimization of growth conditions 
Given the significant increases seen with optimization of the growth conditions for 
the minimally engineered pGGAS contain strain of E. coli, similar investigations were 
undertaken with the further engineered MEP and MEV isoprenoid precursor pathway strains.  
Notably, the use of baffled flasks greatly enhanced culture density, presumably because of 
increased gas exchange.  Baffled flasks shaken at 200 rpm with optimal media conditions 
routinely allowed culture densities with A600 >20.  The increased cell density was correlated 
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with an increase in diterpene production (Figure 2).  Furthermore, a variety of media 
conditions were tested to determine a suitable media recipe for the metabolic engineering of 
E. coli or diterpene production.  Media recipes for NZY, buffered NZY, buffered NZY + 
glycerol, TB, and buffered 2xNZY + 2% glycerol (FL) were tested.  The richer medias of TB 
and FL resulted in increased culture density and diterpene production.  However, it was 
consistently found that glycerol significantly retarded initial growth.  As a result, glycerol 
supplementation was initiated at induction.  Additionally, the optimal glycerol concentration 
was determined to be 2% based on diterpene production and culture density in a series of bio-
fermentations wherein glycerol content was varied (figure 3).  Growths relying on lactose 
auto-induction produced little diterpene compated to IPTG induction, despite similar cell 
densities.  Finally, to supplement MEP pathway utilization, addition of the pyruvate 
precursor was tested.  Addition of 50 mM pyruvate to MEP pathway enhanced cultures 
resulted in a ~2-fold increase in diterpene production to a level of 14 mg/L (figure 3).   
 
Bioreactor yields  
 Previous reports have suggested that the use of bioreactors enables higher cell density 
and greater isoprenoid yields [25].  Thus, the ability of bioreactor grown cultures to further 
increase diterpene production in the context of our modular metabolic engineering system in 
E. coli was investigated.  Preliminary work with our bioreactor demonstrated the 
effectiveness of pulsed feeding of glycerol and mevalonate for pMBI to 4% and 20 mM 
respectively.  Briefly, every 12 hours after induction up to 48 hours, a solution of glycerol 
and mevalonate was injected, with the sum of the injections totaling up to the targeted 4% 
and 20 mM concentrations.  In bioreactor growths under optimal media and growth 
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conditions, we were able to obtain cell densities of A600 ≈ 15, with yields of ~30 mg/L and 
~200 mg/L abietadiene for strains carrying pGGAS and pMBI, with either pMTH or 
mevalonate feeding, respectively (Figure 4).  Critically, similar yields are observed for the 
production of other diterpenes under these same conditions. In particular, with several 
examples of diterpenes whose biosynthesis requires co-expression of a pair of diterpene 
synthases (e.g., those from rice).   
For comparison, the use of a bioreactor to increase yield from a strain with an 
engineered endogenous MEV pathway (i.e., the recombinant strain carrying pIRS + pGGAS) 
was also investigated. This led to a yield of 20 mg/L of abietadiene.  Notably, while the 
diterpene yields are less for the MEP pathway compared to the MEV, it is important to 
distinguish that there is no need for either costly mevalonate supplementation or for the 
utilization of two plasmids (pIRS versus pMBI and pMTH).  In addition, while use of a 
bioreactor did increase yield (dramatically in the case of pMBI co-expression with 
mevalonate supplementation), the downside is the expense of such instrumentation and their 
complexity relative to shake flask growths.  To determine the yield from a relatively simple 
and cost effective approach, a recombinant strain carrying pGGAS and pIRS was grown in 1 
L of FL media in a 2.8 L baffled flask, with 50 mM pyruvate supplementation, resulting in 16 
mg of abietadiene, an amount is sufficient for chemical characterization by NMR as well as 
further biochemical studies (e.g., precursor/substrate feeding experiments).   
 
Discussion 
The potential of metabolic engineering and synthetic biology is still being explored. 
For example, innovative work by the Keasling group has recently demonstrated that it is 
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possible to metabolically engineer E. coli to produce large quantities of artemisinic acid, a 
usable precursor for semi-synthetic production of the anti-malarial sesquiterpenoid natural 
product and medically relevant drug artemisinin [12, 14].  This, and indeed most, work in the 
area of metabolic engineering has focused on the production of single or small groups of 
related compounds through manipulation of the corresponding specific biosynthetic pathway.  
However, this limits the utility of the developed system for investigation of novel 
metabolism.  We wish to utilize metabolic engineering for biosynthetic pathway elucidation 
via facile incorporation of putative biosynthetic enzymes and characterization of the resulting 
novel metabolites.   
Our interest centers on the large super-family of labdane-related diterpenoids, which 
is comprised of almost 7,000 known natural products.  Many of these are exclusively found 
in plants, whose large and complex genomes preclude ready identification of the 
corresponding enzymatic genes by physical proximity or on the basis of homology 
(particularly in the case of multigenic families).  To provide a platform for facile 
investigation of novel enzymatic activity, we have developed a modular system for 
metabolically engineering E. coli to produce labdane-related diterpenes [10].  This provides 
an elegant approach to elucidation of diterpenoid biosynthetic pathways and corresponding 
enzymatic investigation, and one that is amendable, with slight adaptation, to the study of 
any type of terpenoid metabolism.  However, in order to realize this potential, it must be 
possible to readily produce the multi-milligram quantities of resulting metabolite(s) needed 
for structural analysis (i.e., by NMR).   
Initial work on this system demonstrated the ability of E. coli to produce desired 
diterpenes, albeit at microgram quantities presumably due to the limited endogenous 
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isoprenoid precursor pools.  Here, we have set out to shift carbon flux from E. coli central 
metabolism for milligram production of diterpenes in liter scale bio-fermentations.  Two 
approaches were investigated, either supplementation of the endogenous MEP isoprenoid 
precursor pathway via over-expression of key enzymatic genes or addition of a heterologous 
MEV isoprenoid precursor pathway (this latter either in whole or, with supplementation, in 
part).  The ability of these alternative approaches to improve diterpene production was 
assessed by analysis of their impact on abietadiene yield from cells co-expressing GGPP and 
abietadiene synthases.  
 Engineering MEP pathway enzymatic gene over-expression was found to increase 
abietadiene production.  Interestingly, while only idi improved yield on its own, further 
improvement was evident upon over-expression of idi with both dxs and dxr, although these 
actually decreased yield on their own and when paired with each other or idi (Table 1).  As 
culture growth (OD) was unimpaired by any combination of MEP enzymes and only product 
yield was affected, this suggests flux through the pathway may be most responsible for the 
varied outcome arising from different gene combinations.  Further, these results suggest that 
the investigated MEP pathway enzymatic genes exert distributed metabolic control, 
specifically dxs and dxr. While the isomerization of DMAPP and IPP mediated by idi seems 
to be the initial rate-limiting step, further increases are dependent on over-expression of both 
dxs and dxr. Notably, the production of 1-deoxy-D-xylulose-5-phosphate (DXP) mediated by 
dxs is not unique to isoprenoid precursor production, which is initiated by the ensuing 
production of 2-C-methyl-D-erythitol-4-phosphate mediated by dxr. Thus, our results suggest 
that increased flux to DXP (i.e., from dxs over-expression) is shunted to alternative metabolic 
fates in the absence of increased dxr activity, over-expression of which also is not sufficient 
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on its own to compete with the alternative pathways.  Our results may be summarized with 
the order of increasing effectiveness in diterpene production for the MEP pathway 
combinations of various series, which was:  dxr< dxs < 
idi/dxr<dxs/dxr<idi/dxs<idi<idi/dxs/dxr 
 Introduction of a heterologous MEV pathway, either in part (with the appropriate 
supplementation) or whole, increased abietadiene yield beyond that observed with 
engineering of the endogenous MEP pathway (Table 1).  These increases were particularly 
significant in bioreactor grown cultures, where yields >100 mg/L were observed, 
representing a >1,000-fold increase over that previously reported.  However, this requires 
either costly mevalonate supplementation or the use of two plasmids for introduction of the 
whole MEV pathway, which limits the number of downstream steps that can be incorporated. 
In addition, obtaining truly significant increases further required use of a bioreactor.  
Nevertheless, baffled shake flask growth conditions with even the single plasmid associated 
with optimal MEP pathway engineering produces >10 mg/L of diterpene, providing a simple 
and economical means for obtaining the multi-milligram quantities of novel metabolites 
necessary for their structural analysis.  Critically, the results reported here have been directly 
applied to the further incorporation of additional enzymatic genes (i.e., pairs of diterpene 
synthases rather than the bifunctional abietadiene synthase), carried on yet another plasmid. 
Thus, it should be possible to use the developed modular metabolic engineering system, with 
the yield improvement reported here, to investigate multi-step biosynthetic pathways.  An 
additional advantage of this system over traditional enzymatic approaches or native isolations 
is its sensitivity.  While low yields from enzymatic assays may prevent the observation of 
minor products, this system routinely allows identification of minor enzymatic products by 
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GC-MS analysis.  Thus, a complete enzymatic profile can be more easily obtained for 
investigating the plasticity of these terpene synthases.  We reiterate here that these include 
not only the labdane-related diterpenes targeted here, but other diterpenoid natural products 
and, with slight modification (i.e., replacement of the GGPP synthase), terpenoids more 
broadly.   
 
 
 
Materials and Methods 
 All molecular biology reactions were performed according to standard protocols.  
PCR was performed using Accuprime Pfx (Invitrogen), ligations were performed using T4 
ligase (New England Biolabs), restriction endonuclease cleavage by New England Biolabs 
protocols, DNA preparations and gel extractions by Quiagen kits, and LR recombinations 
and entry cloning was performed by standard Gateway technology protocols (Invitrogen).  
All vectors and genes were verified by sequencing.  
 
Design of Vectors 
Duet vectors and DEST containing vectors 
The family of DUET vectors (Novagen) contain two cloning sites, each with it’s own 
T7 promoter and ribosome binding site optimally positioned before the inserts.  The 
construction of DESTination vectors (Invitrogen) allows for any compatible plasmid to be 
converted into a ligation free module vector to allow for ease of transfer of selected gene 
combinations into expression plasmids using simple Gateway LR technology (Invitrogen), 
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which takes advantage of att recombination sites.  In this module approach, a DESTination 
cassette containing attR1 recombination site, ccdB lethality selection gene, chloramphenical 
resistance gene, and attR2 recombination site which allows for easier ligase-free att site 
recombination with removing of cassette selection genes, was inserted just downstream of 
the T7 promoter in the first cloning site (MCS 1) in DUET vectors (Novagen).  Construction 
of DEST containing cassettes was performed according to standard pcr, restriction enzyme, 
and ligation protocols and used NcoI and NotI sites.  This DEST cassette allows quick 
transfer of any gene from a pENTR containing entry vector (Gateway) into the DESTination 
converted expression vector.  As the DEST cassettes can present a long sequence (>50 bp) 
prior to the start codon, we utilize pENTR/SD entry clones, which have a Shine-Delgarno 
site optimally positioned before the start codon.  All DEST containing Duet vectors were 
made in the same fashion.       
MEV and MEP pathway vector design 
Vectors used for the MEV pathway were a kind gift from the Keasling laboratory [5].  
In this work, the first three genes of the yeast MEV pathway, atoB, hmgs, and hmgr, were 
assembled into an operon to create pMEVT.  The latter half of the MEV pathway consists of 
the remaining three genes and IPP isomerase, which were also assembled into a synthetic 
operon to construct pMBI.  The plasmid pMBID was constructing by ligating a GGPP 
synthase from Abies grandis into the SacI and SacII restriction sites of pMBI.  To construct 
the MEP pathway plasmids housing the idi, dxs, and dxr genes, in the according 
combinations, a pCDFDuet vector was used as a base vector.  To construct the pIRS vector 
housing all three genes, a two-gene operon of dxs and dxr was created with an optimized 
ribosome-binding site in between the two open reading frames.  This dxs/dxr dual operon 
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was then ligated into cloning site 1, while idi was ligated into the other.  Work by Pitera et al. 
demonstrated the effectiveness of incorporation of an addition copy of the truncated hmgr 
gene along with the top half of the MEV pathway as a means to alleviate toxic intermediates 
associated with increased flux through the pathway [6].  To incorporate an additional copy of 
the hmgr gene, the operon containing the top half of the MEV pathway was moved into the 
first cloning site of the pETDuetDEST vector using a ligation-independent approach and the 
truncated version of hmgr was placed into the second cloning site.  Plasmid pGGAS was a 
pACYCDuet vector housing the GGPP synthase and Abietadiene synthase from Abies 
grandis in the first and second site respectively, as previously described [10].   
Construction of Plasmids and Cell Strains 
MEP Modules 
Construction of the MEP pathway combinations was done in pCDFDuet (Novagen) 
and all genes were cloned from E. coli.  All genes contained in frame native stop codons to 
eliminate any C-terminal fusion-tags from vectors.  In all cases, NcoI and NotI was used for 
cloning into the MCS 1 site, whereas NdeI and XhoI were used for cloning into the MCS 2 
site.  These sites eliminate any N-terminal fusion-tags from the vectors.  This was performed 
using standard PCR protocols, restriction enzyme digest, and T4 ligation.  All constructs, 
including ribosome-binding sites were verified by sequencing, ensuring correct start and stop 
codons.  Plasmid pIDI consisted of the E. coli idi gene inserted into MCS 2.  Plasmid pDXS 
consisted of dxs in MCS 1.  Plasmid pDXR consisted of dxr in MCS 2.  Plasmid pDR 
consisted of dxs in MCS 1 and dxr in MCS 2.  Plasmid pIS consisted of idi in MCS 2 and dxs 
in MCS 1.  Plasmid pIR consisted of idi in MCS 1 and dxr in MCS 2.  Plasmid pIRS 
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consisted of an MCS 2 two gene operon of idi and dxr with a ribosome binding site and 8 
nucleotides in-between, while dxs was inserted into MCS 1. 
ClassI/Prenyltransferase Module 
Construction of the pGGnC vector was described previously [10].  In short, a D404A 
mutant of the bifunctional rAgAS allows only for the diphosphate ionization class I synthase 
reaction to occur within the C-terminal domain, of this otherwise bifunctional (class II/I) 
enzyme.  This rAgAS: D404A was ligated into the NcoI and BamHI sites of the pGG base 
vector’s MCS I, which is a GGPP synthase containing pACYCDuet vectors (Novagen). 
MEV Modules 
Construction of the pMEVT/tHMGR duet vector, here called pMTH, consisted of 
using a pETDuet base vector (Novagen) with a truncated copy of yeast HMGR ligated into 
MCS 2 using NdeI and KpnI sites, following incorporation of cut sites by PCR onto tHMGR 
using pMEVT as template.  Within MCS 1 of pETDuet, a DEST cassette (Invitrogen) was 
ligated as previously noted, thus creating pETDuetDEST.  PCR of the entire MEVT operon 
using standard protocols was used for TOPO cloning to create a pENTR plasmid (Invitrogen) 
housing the entire operon, which was then sequence verified.  Simple LR recombination 
following standard protocol (Invitrogen Gateway System) was then used to insert the MEVT 
operon into the DEST cassette bearing MCS I of the pCDFDuetDEST vector.  
Construction of the pMBID plasmid utilized the GGPP synthase gene.  This was 
conducted in a similar manner as described by Keasling et al. in the production of pMBIS 
[12].  PCR incorporation of SacI and SacII enabled insertion of GGPP synthase into the MBI 
operon.  Sequence verification completed pMBID construction. 
 98 
Cell Strains 
Three E. coli C41 cell lines containing pMBI + pGGxC plasmids [10] were made to 
allow for easier transformation with additional vectors as lower plasmid amounts would be 
needed.  Transformed C41 cells with the two vectors were cultivated under appropriate 
antibiotic selection of tetracycline (25ug/mL) and chloramphenicol (34ug/mL) and made 
chemically competent following previously established protocols [6].         
 
 
 
Biofermentation  
Biofermentation cultures were produced using E. coli C41, a strain more suitable for 
toxic protein expression.  Transformations consisting of three or more plasmids required 0.5 
ug plasmid DNA in 50uL aliquots of chemically competent E. coli C41 cells.  Culturing and 
expression was performed using antibiotics at concentrations of 25ug/mL for carbenicillin, 
20ug/mL for chloramphenicol, 15 ug/mL tetracycline, and 15 ug/mL spectinomycin.  For all 
concentrations listed, negative controls lacking resistance to one marker used confirmed the 
ability of the antibiotic concentrations to fully inhibit growth.  Expression growths were 
initiated from several plated colonies inoculated together into media.  For all shake flasks 
growth, initial growth to log phase was performed at 37 degrees Celsius, followed by 
expression at 16 degrees Celsius upon an absorbance at 600nm of 0.6.  Shaking was held at 
200 rpm and 1mM IPTG was used for induction after 1 hr temperature adjustment to 16 
degrees Celsius.  Additionally, pH adjustment to 7.0 and addition of phosphate buffer and 
glycerol where performed following growth to an Abs 0.6 at 600nm as it was found that 
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glycerol would increase growth time to log phase.  Baffled flasks were tested under the same 
conditions as regular Erlenmeyer flasks. 
During expression biofermentation, culture growths were continually monitored for 
pH, cell density, and where applicable, product output.  Cell density was monitored by 
absorbance of aliquots (1 in 10 dilution) at 600nm in a Cary spectrophotometer.  
Additionally, the pH of cultures was monitored throughout biofermentations and adjusted, if 
necessary, to ensure a culture pH of 6.5 to 7.5.  16 degree biofermentations rarely required 
adjustments after induction.  Supplementation with 1M pyruvate or 1M mevalonalactone 
were pulse feed at regular intervals of 12 hours for the first 36 hours, up to the desired 
maximum concentration which would be reached at the 36 hour pulse. 
Bio flow runs were conducted in a New Brunswick bio flow apparatus, set up 
according standard manufacturer’s construction.  Under our settings, agitation was set at 300 
rpm, temperature was maintained at 20 degrees Celsius, pH was held at 7.2 using 5M KOH 
and 5M HCL reservoirs connected to the A and B pumps, chemically resistant tubing was 
used, and air flow was maintained at 4 lpm using triple micron filtered air.  Pulse feed 
supplements were introduced through the feeding septa and pH, cell density, and product 
output were monitored by sample removal.                   
 
Product Analysis 
Abietadiene analysis consisted of organic extraction followed by verification and 
quantification by GC-FID and GC-MS analysis based on previously described approaches 
[10].  Throughout analysis, glass was exclusively used as plastic may result in absorption of 
hydrophobic diterpenes.  Preliminary work demonstrated that extraction of entire cultures 
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(media and cells together) resulted in the same level of extraction efficiency as cultures that 
were separated by centrifugation in glass tubes into cell pellet and media followed by 
separate extraction of the separated cell pellet and media.  Mixed phase cultures or 
extractions utilizing hydrophobic beads (Sepabeads SP850, Supelco) did not result in an 
increase in product extraction or production.  Additionally, hexane was shown to be a 
suitable organic solvent for extraction as other solvents, such as ethyl acetate, or mixtures of 
solvents resulted in the same efficiency of extraction as hexane, which is easily evaporated 
under inert nitrogen gas.   
At the completion of culture growth, cultures were sonicated for lysis as previously 
established [6] and hexane was added in an equal volume (ie, for 50 mL cultures, 50mL of 
hexane was supplied).  The lysed cultures were then vigorously shaken multiple times for 
thorough extraction and then allowed to settle overnight at 4 degrees Celsius.  Additionally, 
sonication was tested not to result in diterpene rearrangement or degradation.   To assist in 
emulsion removal in the organic phase, a 1/50 v/v amount of ethanol was added to disrupt 
surface tension of the emulsion and clear the organic phase.  In all cases, emulsions were 
agitated until they comprised less than 20% of the solution volume.  Simple extraction with 
hexane routinely resulted in diterpene isolation that was >90% pure as determined by GC-
FID.  In cases where alcohol derivatives would emerge, presumably caused by 
dephosphorylation of prenyl diphosphate intermediates as identified by MS, passage over 
silica gel columns absorbed the oxygen containing by-products while permitting the 
hydrocarbon diterpenes to pass [11].  However, there was not need for silica gel 
chromatography with these samples of abietadiene.  A known volume aliquot of the organic 
overlay (10mL in the case of 50mL cultures) was removed and evaporated in glass test tubes 
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under a stream of inert nitrogen gas.  The sample was then resuspended in a uniform, 
minimal amount of hexane (1mL) for GC analysis according to previous protocols [6, 8].   
Verification of abietadiene was provided by GC-FID and GC-MS comparison with 
authentic biosynthetic abietadiene from purified, recombinant assays of AgAS with GGPP 
[16].  Quantification was made by GC-FID peak area comparison to cembrene, a C20 
hydrocarbon, as well as kaurene, a synthetic standard of known quantity; each demonstrated 
linear agreement of peak area with each other in quantities ranging from 5ng to 1000ng for 
cembrene and 5ng to 100ng for kaurene.  Additionally, it was later found that sonication of 
cultures yields the same extraction efficiency as cultures not undergoing sonication, with the 
added benefit of decreased emulsion size, yet all samples in this manuscript were treated in 
the same manner with sonication.  
Media Recipes 
All media recipes were made at pH 7 and autoclaved with the appropriate starting 
ingredients.  NZY media for 1 L was made containing 5gr yeast extract, 10 gr casein 
hydrolysate, 5 gr NaCL, and 1 gr MgSO4.  NZYB consisted of NZY plus 0.1M phosphate 
buffer.  TB media for 1 L was made containing 12 gr yeast extract, 24 gr casein hydrolysate, 
4mL glycerol, and phosphate buffer.  FL media for 1 L was comprised of 10gr yeast extract, 
20 gr casein hydrolysate, 3 gr NaCL, 0.5 gr MgSO4, 20 mL glycerol, and phosphate buffer.  
Addition of glycerol and phosphate buffer was added at the time of induction.   
 
 102 
References: 
 
1. Newma DJ, Cragg GM, & Snader KM (2003) Natural Products as Sources of New 
Drugs Over the Period 1981-2002.  J Nat Prod 66: 1022-1237. 
 
2.  Bohonos N, & Piersma HD (2006)  The Biologist in the Pharmaceutical Industry. 
BioScience  16(10): 706-729 
 
3. Buckingham, J.  2002.  Dictionary of Natural Products (on-line web edition).  
Chapman & Hall/CRC Press.   
 
4. Rohmer M, Knani M, Simonin P, Sutter B, & Sahm H (1993) Isoprenoid biosynthesis 
in bacteria: a novel pathway for the early steps leading to isopentenyl diphosphate. 
Biochem J 295(Pt 2):517–524 
 
5. Das A, Yoon SH, Lee SH, Kim JY, Oh DK, & Kim SW (2007) An update on 
microbial carotenoid production:  application of recent metabolic engineering tools.  
Appl. Microbiol Biotech 77:505-512 
 
6. Wilderman PR, Xu M, Jin Y, Coates RM, & Peters RJ (2004) Identification of syn-
pimara-7,15-diene synthase reveals functional clustering of terpene synthases 
involved in rice phytoalexin/allelochemical biosynthesis.  Plant Physiol 135(4):2098-
2105 
 
7.  Prisic S, Xu M, Wilderman PR, & Peters RJ (2004) Rice contains two disparate ent-      
copalyl diphosphate synthases with distinct metabolic functions.  Plant Physiol 
136(4):4228-4236  
 
8. Morrone D, et al. (2006) An unexpected diterpene cyclase from rice: functional 
identification of a stemodene synthase.  Arch Biochem Biophys 448(1-2):133-140 
 
9. Xu M, et al. (2007) Functional characterization of the rice kaurene synthase-like gene 
family.  Phytochemistry 68(3):312-326  
 
10.  Cyr A, Wilderman PR, Determan M, & Peters RJ (2007) A modular approach for 
facile biosynthesis of labdane-related diterpenes. J Am Chem Soc 129(21):6684-6685 
 
11. Peters RJ & Croteau RB (2002) Abietadiene synthase catalysis: conserved residues 
involved in protonation-initiated cyclization of geranylgeranyl diphosphate to (+)-
copalyl diphosphate.  Biochemistry 41(6):1836-1842 
 
12. Martin VJ, Pitera DJ, Withers ST, Newman JD, & Keasling JD (2003) Engineering a 
mevalonate pathway in Escherichia coli for production of terpenoids. Nat Biotechnol 
21(7):796-802 
 
 103 
13. Pitera DJ, Paddon CJ, Newman JD, & Keasling JD (2007) Balancing a heterologous 
mevalonate pathway for improved isoprenoid production in Escherichia coli.  Metab 
Eng 9(2):193-207 
 
14. Anthony JR, Anthony LC, Nowroozi F, Kwon G, Newman JD, & Keasling JD (2008) 
Optimization of the mevalonate-based isoprenoid biosynthetic pathway in Escherichia 
coli for production of the anti-malarial drug precursor amorpha-4,11-diene.  Metab 
Eng. Aug 12 [Epub ahead of print]  
 
15. Croteau R, Kutchan TM, & Lewis, NG   Natural Products (Secondary Metabolites).   
Biochemistry & Molecular Biology of Plants.  Am. Soc. Plant Biologists, Rockvillle, 
MD, USA 1250-1318      
 
16.  Wilderman PR & Peters RJ (2007) A single residue switch converts abietadiene 
synthase into a pimaradiene specific cyclase.  J Am Chem Soc 129(51):15736-15737  
 
17. Kim SW, Kim JB, Jung WH, Kim JH, & Jung JK (2006) Over-production of beta-
carotene from metabolically engineered Escherichia coli.  Biotech. Letters 28:897-
904    
 
18. DellaPenna D (2001) Plant metabolic engineering. Plant Physiol. 125:160-163 
 
19.  Khosla C, & Keasling JD (2003) Metabolic engineering for drug discovery and 
development.  Nature Reviews Drug Discovery 2:1019-1025 
 
20. Veech RL, & Fell DA (1996) Distribution control of metabolic flux.  Cell Bioch 
Func. 14:229-236  
 
21. Srere PA (1987) Complexes of sequential metabolic enzymes. Annu. Rev. Biochem. 
56:21-56 
 
22. Burbulis IE, & Winkel-Shirley B (1999) Interactions among enzymes of the 
Arabidopsis flavonoid biosynthetic pathway. Proc Natl Acad Sci USA 96:12929-34 
 
23.  Wang C, Oh M, & Liao J (2000) Directed evolution of metabolically engineered 
Escherichia coli for carotenoid production. Biotechnol Prog 16:922–926 
 
24. Matthews PD, &Wurtzel ET (2000) Metabolic engineering of carotenoid 
accumulation in Escherichia coli by modulation of the isoprenoid precursor pool with 
expression of deoxyxylulose phosphate synthase. Appl Microbiol Biotechnol 53:396–
400 
 
25. Lee PC, Mijts BN, & Schmidt-Dannert C. (2004) Investigation of factors influencing 
production of the monocyclic carotenoid torulene in metabolically engineered 
Escherichia coli. Appl Microbiol Biotech 65(5):538-46 
 104 
Figures 
 
Scheme 1:  MEP pathway found in plant plastids and prokaryotes 
COO-
o
OP
OH
OP
OH
OH
O
DXS
pyruvate glyceraldehyde 3 phosphate
OH
OP
OH
OH
DXR
1-Deoxylulose-5-phosphate
2-Methylerythritol-4-phosphate
OH
OPP cyt
OH
OH
OH OH
OPP cyt
OPIspD
IspE
4-cytidine-5'-diphospho-2-methylerythritol
2-phospho-4-cytidine-5'-
diphospho-2-methylerythritol
OH
o
OH
P
O
P
O
O
O
O -
O-
Methyleryhtritol-2,4-cyclodiphosphate
IspF
OH
OPP
1-hydroxy-2-methyl-2-butenyl-4-diphosphate
IspG
O
+
OPP
Dimethylallyl diphosphate
OPP
Isopentanyl diphosphate
IspH
IDI
 
 
 
 
DXS:  DXP synthase,  DXR: DXP reductase,  IspD:  ME-4-phosphate cytidyltransferase 
IspE: 4-(cyt-5’-diphospho)-ME kinase,  IspF:  ME-2,4-cyclodiphosphate synthase, 
IspG:  HMB-4-diphosphate synthase,  IspH:  HMB-4-diphosphate reductase  
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 MEV pathway found in eukaryotes, and some prokaryotes 
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Scheme 2:  conversion of GGPP to abietadiene by bifunctional rAgASd84 
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Table 1:  Abietadiene production for one of three series evaluating the different pathways and 
combinations of genes in E. coli.  This series was grown in un-baffled shake flasks at optimal 
temperature and pH conditions with buffered NZY media + 2% glycerol.  pMBI utilized 
pathways used 20mM mevalonalactone supplementation.      
 
Plasmid Module   Pathway       Genes               Abietadiene      Normalized Yield 
                                                                              Yield (mg/L) 
pCDFDuet          MEP          IDI                      3.9 + 0.41          0.35          
pCDFDuet          MEP          DXS                   1.3 + 0.32          0.14          
pCDFDuet          MEP          DXR                   0.9 + 0.11          0.08                
pCDFDuet          MEP       DXS+IDI                2.7 + 0.50          0.22                 
pCDFDuet          MEP      DXS+DXR              2.5 + 1.3            0.30                 
pCDFDuet          MEP      DXR+IDI                 2.7 + 0.15          0.24                 
pCDFDuet          MEP     DXR+IDI+DXS         7.3 + 0.70          0.89                 
pACYCDuet                    GGPPS+AS             2.6 + 0.35          0.22               
  pMBI                  MEV     ERG12/ERG8/MVD1           3.9 + 0.05          1.6               
  pMBI +               MEV    ERG12/ERG8/MVD1 
  pDEST                           CPS,  AS                         0.7 + 0.16         0.41               
  pMBIG               MEV   ERG12/ERG8/MVD1/GGPPS     0.3 + 0.11         0.08               
  pMEVT + 
  pMBI + 
  pGGAS              MEV    entire pathway             22.3                 1.5               
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Figure 1:  Panels A and B - Cell growth and production of abietadiene as a function of time.  
Biofermentation with pIRS (∆), pMTH + pMBI (•), and pMBI plus 20mM mevalonalactone 
( ). 
Panel C – production of abietadiene in mg/L ( )  and cell density (∆) over time from 
endogenous pools of IPP and DMAPP    
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Figure 2:  Increasing abietadiene with increasing cell density, shake flasks utilizing pMBI, 
1mM IPTG, and 5mM mevalonalactone across 6 series.  Baffled flasks were utilized to 
obtain higher cell densities of 15.2, 20.1, and 22.6. 
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Figure 3:  Effects of glycerol and pyruvate supplementation for pGGAS, pMBI and pIRS 
cultures.  Glycerol supplementation was performed in FL base media and examined for 
effects on cell growth after 72 hour growths.  Pyruvate supplementation was performed to 
baffled flasks containing FL media of 2% glycerol, mM amounts of pyruvate are indicated 
(0, 25, 50, 75).                                                                               
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Figure 4:  Bioflow data for pGGAS abietadiene production from pIRS (∆), pMBI+20mM 
mevalonalactone ( ), and pMTH + pMBI (•).   
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Table 2:  vectors used 
 
 
 
Vector                Marker     Genes/Insert/Base        Copy Number  Replicon/Base   Origin 
 
pMBI                       tet           ERG12, ERG8, MVD1           low            pBBR1         [12] 
 
pMBID                    tet              pMBIG + GGPPS               low            pBBRI           this study 
 
pMEVT                 chlor          atoB, tHMGR, HMGS           low            pLac33                [12] 
 
pCDFMEVT          spec          atoB, tHMGR, HMGS         low/med      CloDF13         this study 
 
pETDEST/tHMGR  carb  ligation free cassette, tHMGR    med/high    ColE1             this study 
 
pMTH                    carb       MEVT, pETDEST/tHMGR    med/high     ColE1             this study 
 
pGGAS                  chlor        GGPPS, rAgAS D404A           low            P15A                  [10]  
 
pGGnC                   chlor        GGPPS, rAgAS D521A          low            P15A                  [10] 
 
pGGeC                   chlor           GGPPS, ent CPS                 low            P15A                  [10]  
 
pGGsC                   chlor           GGPPS, syn CPS                 low            P15A                  [10] 
  
pKSL(classI)          amp       class I synthase, pDEST14        med         pBR322             this study 
 
pIDI                       spec          idi   MCSII  pCDFDuet        low/med    CloDF13            this study                                        
 
pDXS                     spec         dxs   MCSI  pCDFDuet        low/med     CloDF13            this study 
 
pDXR                     spec         dxr MCSII   pCDFDuet       low/med     CloDF13            this study 
 
pDR                        spec           dxs, dxr     pCDFDuet        low/med    CloDF13             this study 
 
pDI                         spec           dxs, idi      pCDFDuet        low/med     CloDF13            this study 
 
pIR    spec           dxr, idi      pCDFDuet         low/med     CloDF13           this study 
 
pIRS                       spec        dxs, idi, dxr pCDFDuet         low/med     CloDF13            this study 
 
pGGDest                chlor         GGPPS, DEST cassette          low            P15A               this study 
 
pCDFDuetDEST   spec         ligation-free LR cassette       low/med     CloDF13           this study                                                                       
 
pETDuetDEST       amp       pETDuet, DEST cassette      med/high      ColE1               this study 
 
pACYCDuetDEST chlor    pACYCDuet, DEST cassette       low           P15A               this study 
 
pCDFDuetDEST    spec      pCDFDuet, DEST cassette      low/med     CloDF13           this study 
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Postscript 
 
 This work really highlights the heart of the methods development for my 
investigations with diterpenoid biosynthesis.  I believe this work will be a stable in the lab for 
diterpene investigation for many years.  As I like to call it, this system is just plug and play.  
There are some interesting observations, though, that I will wonder about for some time.  
One would be the connection between in vivo activity and in vitro.  Which one most closely 
resembles what is the true nature of the enzyme?  What are the kinetics of an in vivo system, 
or is it even correct to think about it in terms of kinetics rather than pathway flux and 
kinetics, as suggesting with distributive metabolic control?  There have been cases where I 
have observed a different product profile following a lysate or purified enzyme system from 
the in vivo system.  The role of metabolome formation will always be of interest to me with 
this system.  I wonder if this would go so far as to demonstrate that class I (or any other) 
enzymes can be different catalysts in different organisms in the sense that their kinetics, 
substrate selection, or product profile varies with cellular environment from different species 
or different protein-protein interactions.  Nevertheless, with this system, one thing that I will 
always think about is the amount of carbon flux.  One CmKS construct in this E. coli was 
able to produce nearly 500mg/L of kaurene using this system – in a shake flask.  That’s 
considerable carbon flux.       
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Chapter V 
 
An Investigation of Substrate Specificity for Labdane-related Diterpene Synthases:  
Identification of a Rice Bi-selective Enzyme  
 
Preface 
 With the development of a modular metabolic engineering system, we now had a way 
to investigate the class I diterpene synthases by providing them with selected substrates, and 
evaluating product output.  One question we investigated was the ability of a variety of class 
I enzymes to convert selected stereoisomers of CPP into diterpene hydrocarbons.  In addition 
to providing characterization, this investigation also answered questions regarding plasticity 
with respect to substrate selection as well as uncovering potentially novel physiologically 
relevant natural products.  While these enzymes and their products are of interest, no one had 
previously done a complete comparison using a highly reliable method.  Our system allowed 
for a complete comparison of all the class I diterpene synthases in rice, as well as from other 
higher plants, with high product yield, as a result, we were able to find an unaccounted for 
product from a previously “characterized” enzyme.    
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Abstract 
 Terpene synthases are notorious for their catalytic plasticity, an ability to create more 
than one product.  Both the genes and phytochemicals of terpenoid natural product pathways 
are being elucidated, and our focus is the labdane-related family of diterpene synthases.  
Characterized class I diterpene synthases catalyze complex electrophilic cyclization reactions 
using either ent, syn, or normal stereoisomers of copalyl diphosphate (CPP) and often make 
several olefin products.  Using our previously described facile, modular metabolic 
engineering system, we were able to quickly screen known class I labdane-related diterpene 
synthases from rice, Arabidopsis, pumpkin, grand fir, and bacteria for reactivity against the 
three CPP steriosomers commonly found.  This represents a functional screen of class I 
synthases in an in vivo environment.  We had hypothesized that due to their plasticity and 
lack of selective pressure, the class I synthases might be able to react with stereoisomers of 
CPP they may not encounter in the cell, thus generating novel products; however, selective 
pressure should promote specificity and preclude plasticity with the biologically relevant 
“other” stereoisomers of CPP likely to be present.  While most synthases did not exhibit 
plasticity with respect to substrate selection, a few did: OsKSL4, OsKSL11, and BjKS were 
all capable of reacting with non-physiologically relevant stereoisomers of CPP.  
Additionally, OsKSL10 was able to react with syn-CPP to form syn-8,12,14-labdatriene, a 
compound unaccounted for in rice and previous characterizations.  Here, we present 
biochemical and phytochemical evidence for the presence of OsKSL10 produced syn 
labdatriene.  The mechanistic and biological implications of these results are discussed.           
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Introduction 
Natural products present a vast reservoir of chemical diversity, and secondary 
metabolites, which do not appear to have a function in fundamental growth or metabolism, 
have been the subject of much interest.  With nearly 50,000 members, the terpenoids, 
members of which are found in all kingdoms, represent the largest class of such natural 
products, and the number of known compounds in this class continues to rise.  As natural 
products are of great importance in the medicine, agriculture, and chemical industries, there 
is tremendous interest in the identification, functional assignment, and biosynthetic 
determination of their origins, particularly among plants [1-4].  Within the terpenoid family 
are the labdane-related diterpenoids (20 carbons), a sub family that comprises over 10% of 
all diterpenoids and are identified by their characteristic fused bicyclic core.  For example, 
rice (Oryza sativa) produces a number of diterpenoids that function as allelopathic or 
phytoalexin secondary metabolites and as such rice has served as our model system [1-4].   
Biosynthesis of diterpenes proceeds via a series of electrophilic 
cyclization/rearrangement reactions from the 20 carbon prenyl diphosphate precursor of 
geranylgeranyl pyrophosphate (GGPP) (Scheme 1).  The first reaction is carried out by a 
class II protonation-initiated synthase to produce a stereoisomer of labdadienyl/copalyl 
diphosphate (CPP).  In nature, three common stereoisomers exist for CPP: ent, syn, or 
normal.  Rice, for example, has three different stereospecific CPP synthases, one for syn and 
two for ent, each of which is differentially regulated [5,6].  Conifers, on the other hand, 
produce CPP that is of the normal and ent conformation.  The normal-CPP ultimately is 
biosynthesized into the constituents of the defensive oleoresin [1].  All higher plants produce 
ent-CPP as it is a necessary precursor for gibberrellic acid phytohormone biosynthesis, and 
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knockouts result in dwarf phenotypes rather than lethality [25].  The fate of the CPP 
stereoisomer is then determined by the second cyclization reaction, the more typical class I 
Mg2+ dependent ionization initiated cyclization that results in pyrophosphate release and the 
formation of a labdane olefin.  For this second reaction, rice, for example, contains an eight 
member family of class I synthases that produce a variety of olefin backbones which can then 
be oxidized to become functional diterpenoids, such as momilactones, oryzalexins, and 
phytocassanes.  These synthases have been described elsewhere as the KSL family [7,8].  
While the enzymatic pathways of natural products in these organisms are not fully 
elucidated, the chemical entities nevertheless are better known, establishing the existence of 
which stereoisomers of CPP are present - ent, syn, or normal [20, 21].   
One of our current interests in the terpene synthase field is the subject of plasticity 
with respect to product outcome and catalysis.   For example, the rice KSL11 stemodene 
synthase is capable of producing three distinct products from a single stereochemical 
substrate of syn-CPP, an example of terpene synthase promiscuity with respect to product 
outcome [2].  Several terpene synthases have likewise been shown to exhibit this 
phenomenon of multiple product outcome, such as γ-humulene synthase, which produces 
over 50 sesquiterpene isomers from its substrate of farnesyl diphosphate [23].  Furthermore, 
previous work in our lab has also identified a single residue switch in several diterpene class 
I synthases that controls product outcome by, presumably, changing the polarity of this 
single, key amino acid [9, 10].   In the absence of a structure, there has been some 
understanding of the molecular determinants’ ability to control these chemical reactions.  
This highlights the solvent-shielded template nature of these enzymes, whereby they are 
flexible to small changes having dramatically different outcomes [18].  Additionally, as a 
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suitable heterologous expression and purification system for the class I diterpene synthases 
has been challenging, presumably due in part to the plastid targeting sequence associated 
with these enzymes, we have developed an in vivo modular metabolic engineering system for 
producing mg/L quantities of diterpene for product outcome analysis of wild type or mutant 
synthases [11, 12].  This system allows facile combinations of potential enzymes and 
substrates, especially with substrates that are more readily biosynthesized than can be made 
available through conventional synthesis.  Additionally, it allows for a simple, reliable assay 
system to offer tremendous reliability and sensitivity over previous methods that relied on 
genetic analysis, enzyme isolation, phytochemical characterization, or cell culture feeding 
studies.   
While much work on terpene synthase mechanisms have investigated product 
outcome with respect to plasticity, we have undertaken an investigation of plant labdane 
related diterpene synthases with respect to substrate selection and plasticity.  We had 
hypothesized that these synthases would be able to discriminate against the “other” 
stereochemistry that the plant contains, yet may be able to tolerate the non-native 
stereoisomer of CPP due to its template effects.  For example, while AgAS is specific for 
normal-CPP, we would expect this enzyme not to react with ent-CPP, which is also found in 
conifers for GA biosyenthesis.  However, there is no apparent reason to assume that AgAS, 
for example, would discriminate against syn-CPP as the syn isomer of CPP is not known to 
be in conifers. To test this hypothesis, we subjected our collection of class I synthases to 
screening against ent, syn, or normal-CPP using our metabolic engineering system in E. coli.  
We found that the synthases exhibited a moderately high degree of substrate selection with 
respect to stereochemistry.  While two rice synthases, OsKSL4 and OsKSL11 – both wild 
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type syn specific and 57% homologous at the amino acid level (65% in the proposed active 
site region), were able to react with the non-native normal stereoisomer and produce different 
products, the remaining rice synthases, save one, appeared specific for one stereochemistry 
of CPP.  We also tested the only known bacterial kaurene synthase, BjKS, from 
Bradyrhizobium japonica, a gibberellin producing organism [19], and found it is capable of 
reacting with syn as well as ent-CPP, although syn stereoisomers do not appear to be 
physiologically relevant.  Additionally, we found that OsKSL10 was able to react with syn-
CPP to produce a novel labdane related diterepene, syn-8,12,14-labdatriene, in addition to 
producing ent- sandaracopimaradiene from ent-CPP.  Kinetic parameters for the reaction of 
KSL10 with syn-CPP compared to ent-CPP suggest physiological relevance for this reaction 
as they do not differ by multiple orders of magnitude.  Syn-labdatriene has been unaccounted 
for in previous rice natural products investigations and characterizations of KSL10 as it has 
been assigned an ent-sandaracopimaradiene synthase, an intermediate in the biosynthesis of 
the allelochemicals oryzalexins A-F [7, 13].  Additionally, phytochemical anlaysis of methyl 
jasmonate induced rive leaves indicates the presence of syn-labdatriene in low abundance.     
Our results indicate that the wild type class I labdane-related diterpene synthases 
exhibit a large degree of physiologically relevant discriminatory substrate selectivity that 
would be expected of biosynthetic enzymes; however, there is clearly a degree of plasticity 
among some family members.  Compared with earlier results on product outcome 
promiscuity, these results suggest some mechanistic features regarding the inert template 
nature of these enzymes, which serve as a flexible scaffold for controlling the electrophilic 
cyclization reactions.  KSL10, a bi-selecting enzyme, highlights some interesting features of 
these enzymes, with potential physiological implications. 
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Results 
Metabolic Engineering to Screen Substrate Specificity of Class I Synthases (Scheme2) 
Using our facile, modular metabolic engineering system for producing diterpenes in 
E. coli, we were able to load all of our truncated class I synthases into expression modules.  
Briefly, a plasmid (pMBI) housing an operon for the bottom half of the heterologous MEV 
pathway for isoprenoid synthesis in yeast was a gift of the Keasling laboratory [14].  This 
was cotransformed with a dual expression vector housing a GGPPS and class II cyclase as 
well as an expression vector containing the class I synthase.  Mevalonolactone (20mM) was 
exogenously supplied to the E. coli C41 cultures expressing the MEV pathway genes and 
diterpene cyclases.  The pathway and vectors are depicted in scheme 2.  Simple organic 
extraction followed by GC-MS analysis with authentic standard comparison of characteristic 
diterpene m/z fragments of 257 and 272 completed analysis.   
 
Results of Substrate Selection Screen (Table 1) 
The class I synthases used, along with the outcome for each combination with 
substrate stereochemistry, are summarized in Table 1.  As can be seen from Table 1, all class 
I synthases are able to produce the “wt”, previously annotated, product.  With the exception 
of KSL10, all synthases are unable to react with the other stereochemistry of CPP known to 
be present in the plant; they were only reactive with one of the two stereoisomers of CPP that 
is known in their respective organism.   
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BjKS can react with syn-CPP and ent-CPP (Scheme 3) 
In the case of the bacterial BjKS, in addition to its characterized production of 
kaurene, it was found that syn pimara-7,15-diene could be formed from syn-CPP (figure 2).  
This was confirmed by matching mass spectra to an authentic standard of syn-pimara-7,15-
diene as well as matching with a biosynthetic standard made from OsKSL4, syn- pimaradiene 
synthase.  There are several other syn diterpene products formed from reaction with BjKS, 
comprising up to 50% of the product profile, but we were unable to identify these.  It should 
also be noted that in parallel cultures grown with BjKS, and when normalized for cell 
density, the amount of syn diterpenes produced was approximately 20% of the kaurene 
produced from ent-CPP and there was the presence of syn-copylol, indicating that not all the 
syn-CPP was turned over, but instead was subject to endogenous dephosphorylation.  Given 
that the identical class I synthase is expressed, it suggests the likely possibility that the BjKS 
is kinetically impaired for reaction with syn-CPP.     
  
OsKSL11 and OsKSL4 reacts with syn-CPP and normal-CPP (Scheme 4) 
Both OsKSL11 and OsKSL4 are able to react with normal-CPP, as well as 
endogenous syn-CPP, but not ent-CPP.   From normal-CPP, KSL11 produces normal- 
sandaracopimaradiene; KSL4 produces normal-8(14),15-pimaradiene (~90%) and isopimara-
7,15-diene (~10%).  These two pimaradienes that KSL4 produces are isomers differing in 
double bond location as well as orientation (α or β) of the methyl and vinyl substituents on 
quaternary C13.   
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OsKSL10 reacts with ent-CPP and syn-CPP (Figure 1, Scheme 5) 
Interestingly, OsKSL10, which had been previously characterized as an ent- 
sandaracopimaradine synthase, was also able to react with syn-CPP to form an unidentified, 
novel diterpene (figure 3).  Initially surprised by this result, we then purified the enzyme as a 
GST fusion tag and conducted a series of in vitro assays to determine activity.  In short, syn-
CPP was produced from GGPP by using purified syn-CPP synthase (CPS) from E. coli 
expression [16].  This assay was then heated to denature the CPS present.  Purified GST 
tagged KSL10 was then added to the assay and the assay was extracted following incubation.  
While the in vivo metabolic engineering system used an untagged KSL10 expression system, 
both approaches resulted in the same syn diterpene being formed as determined by GC-MS 
analysis, however, the purified enzyme resulted in the formation of two other products.  
While one of the products was fairly minor (<10%), the other product was fairly substantial, 
accounting for nearly 30% of the product outcome.  Neither of these products were 
identifiable with any of our standards or other diterpenes. For a comparative positive control, 
reactions were also run with ent-CPP to produce ent sandaracopimaradiene to determine that 
the enzyme was active.  As we lacked a synthetic standard for this novel syn KSL10 
diterpene, we produced 15 mg of product in a 1 L shake flask fermentation run using our 
metabolic engineering system of the endogenous MEP pathway.  Independent experiments 
performed in triplicate on KSL10, followed by re-sequencing have confirmed our results 
here.  NMR analysis of the product showed its composition to be that of a novel syn-8,12,14-
labdatriene.  
 
Kinetic parameters of OsKSL10 (Table 2) 
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As this novel syn-labdatriene could be of physiological significance, we undertook a 
kinetic study of KSL10 with syn and ent CPP to determine its kinetic parameters.  The results 
of enzymatic assays with biosynthetically made CPP are listed in table 2.  Steady-state 
kinetic analysis revealed that kinetic parameters for these two substrates did not differ by 
several orders of magnitude.  As enzymatic assays were conducted under identical enzyme 
concentrations, calculated kinetic parameters reveal that the relative of efficiency of 
OsKSL10 is about an order of magnitude greater for ent-CPP.    
 
Phytochemical Analysis of Rice 
 Rice leaves which has been induced by methyl jasmonate treatment were 
homogenized and extracted to look for the presence of syn-labdatriene.  Organic extraction of 
these rice leaves followed by GC-FID and GC-MS analysis revealed the presence of 
numerous diterpenes.  While not all of these diterpenes could be identified, a number of 
compounds matched biosynthetic standards which included syn-stemodene, syn-pimaradiene, 
ent-sandaracopimaradiene, and ent-kaurene.  Investigations of syn-labdatriene revealed that 
this phytochemical co-elutes with syn-pimaradiene, making identification difficult.  
Chromatographic resolution suggests coupled with a mass spectra suggest the presence of 
syn-labdatriene in the induced rice leaves (figure 2).           
Discussion 
Plant biosynthetic pathways for secondary metabolites remain largely undetermined 
and many appear fairly complex, and this is particularly true in the case of diterpenoid 
secondary metabolites.  This can be attributed to a number of factors ranging from orphan 
intermediates, multi-selective enzymes, redundant enzymes, difficulty with reliable 
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enzymatic assays, divergence and convergence between organisms, and enzyme plasticity.  
Several of these factors are manifest in this study.    
For example, OsKSL4 appears to be an enzyme with a high degree of plasticity as, 
for starters, it is bi-selective with respect to syn and normal-CPP.  Evidence for the plasticity 
of KSL4, particularly around the C13 position, is found with its reactivity towards normal 
CPP (scheme 4).  While 90% of the product favors the bulkier vinyl group being in the α 
position, 10% of the product is formed with the vinyl group in the β position.  Interestingly, 
with the physiologically relevant syn pimaradiene formed by KSL4, the vinyl group is also in 
the α position.  These orientations would be established by the anti-Sn2’ displacement on 
C13 that can occur either si or re for α or β positioning of the vinyl moiety, respectively.  
Interestingly, it is this initial anti-Sn displacement which determines the fate of the olefin.  
Despite deprotonation and Wagner-Meerwin ring rearrangements the only way for the olefin 
product to interconvert between the α and β groups would be to undergo an abietanyl 
carbocation intermediate with a methyl 1,2 transfer.  As there is no evidence for abietane 
products being formed, it seems unlikely this occurs.  Thus, with normal-CPP, KSL4 
demonstrates plasticity not only with respect to substrate selection, but also with some loss of 
stereospecificity with the nucleophilic cyclization reaction as the methyl and vinyl moieties 
can achieve either α or β configuration, and this is determined at the initial nucleophilic 
displacement.      
  Furthermore, one can envision KSL4 having some plasticity within the active site 
near the C13 region of the C ring when it’s reaction scheme is considered (scheme 4).  While 
the wt enzyme primarily produces a tricyclic pimaradiene diterpene (95%) from simple 
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deprotonation following C ring formation, we have previously described a single point 
mutation that shifts the product profile from a tricyclic syn-pimaradiene to a tetracyclic syn-
aphidicolene [9].  In the case of the aphidicolene producing KSL4: T696I mutant, it would 
presumably be necessary for the α vinyl constituent to accept a conformation whereby it is 
proximal to the C ring.  It is plausible that the formation of the pimar-15-en-8-yl+ 
intermediate C8 carbocation could proceed with the vinyl group already located proximal to 
the nascent C ring via rotation about the C12-C13 carbon bond syn-CPP, or this 
conformation may be achieved during the cyclization cascade.  Nevertheless, the fact that 
KSL4, both wt and mutant, produce tri and tetracyclic products suggests there is a degree of 
plasticity at the C13 region as 3D modeling of these two products suggests significant 
changes in steric bulk between the tri and tetracyclic compounds.  A series of mutations at 
this same amino acid position in other class I synthases has suggested a role in functioning as 
a polarity switch whereby a polar amino acid may be able to stabilize a C8 carbocation and 
allow for deprotonation [9, 28].  Therefore, as the  KSL4: T696I mutant presumably does not 
stabilize this C8 carbocation, further cyclization is allowed, as also observed in biomimetic 
studies [26].  It should be noted, however, that a mixture of tricyclic pimaradiene and 
tetracyclic aphidicolene was formed with this mutant.  The role of side chain volume 
modulating the product profile has not been determined.  Additionally, as the mutation of 
OsKSL4:T696I is one that presumably decreases active site volume (by increasing side 
change volume), yet causes a ‘bulkier’ tetracyclic product, it suggests substantial plasticity.   
Given that we have seen plasticity within the KSL4 active site, it may be possible to change 
the product profile by changing the amino acid side chain volume.  One means to probe the 
plasticity of these enzymes at the switch position is by subjecting them to a mutagenesis 
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study to determine their reactivity with normal or syn CPP with respect to polarity and side 
chain volume.   
 While KSL11 only produces normal-sandaracopimaradiene from normal-CPP, there 
are some similarities as well as differences between its presumed reaction scheme with 
normal-CPP and that of syn-CPP (scheme 4).  In both cases, a tertiary carbocation 
isopimarenyl+ intermediate is formed where the methyl and vinyl substituents are in the α 
and β orientations, respectively.  Given the stereochemical difference in the C ring between 
normal and syn diterpenes, this results in a fairly significant change in the regiochemistry of 
the product.  Energy minimized 3D modeling of normal sandaracopimaradiene and syn 
stemodene reveal extensive variation at the C/D ring region.  While the normal product is 
largely planar, the syn product with its four rings is rather bulky.  To accommodate such 
different products suggests a high degree of plasticity.  In the case of KSL11 reacting with 
syn-CPP, one can envision a 1,2 hydride shift from C9 to C8 that produces a different tertiary 
carbocation, whereas with normal CPP, only deprotonation of the initial tertiary carbocation 
is allowed.  This C9 to C8 hydride shift is proposed in the mechanism of aphidicolene 
formation by KSL4: T696I as well.  Labeling studies have confirmed the presence of such 
hydride shifts in terpene synthases [22].  Presumably, it is the regiochemistry of the syn vs. 
normal substrate within the active site that causes the allowed difference in the reaction at 
this step – hydride shift vs. deprotonation in the case of KSL11.  As the nascent C ring at C9-
C11 is in the β position with syn CPP, yet α in normal CPP, this stereochemical change may 
provide enough steric clash with the enzyme’s active site to preclude a hydride change.  3D 
modeling with these compounds demonstrates that the energy minimized structures of 
normal substrates and products places the B/C rings at near perpendicular planes to the A 
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ring, whereas the A/B rings are nearly co-planar with the syn compounds.   This may indicate 
the role of steric factors, in addition to, or rather than, polarity playing a role in determining 
tri vs. tetra cycles being formed with KSL11.   Should the enzyme’s molecular determinant 
that allows this presumed hydride transfer be elucidated, one can envision a KSL11 mutant 
possibly making a novel tetracyclic diterpene from normal CPP.    
  While the KSL10 produced syn-8,12,14-labdatriene (figure 1) has not been previously 
accounted for in the rice plant or previous characterizations of the enzyme, diterpenoid 
trienes have been found [24].  In tobacco, WAF-1, or (11E, 13E)-labda-11,13-diene-8α, 15-
diol, has been shown to be induced upon wounding.  Exogenous introduction of WAF-1 
appears to function in the activation of wound-induced protein kinase (WIPK), which is a 
mitogen-activated protein kinase [17].  WAF-1 was found in organic extracts of induced 
tobacco, presumably it is made by a labdane-related cyclase, and further elaborated by 
cytochromes P450 or dehydrogenases.  It is unclear what syn-8,12,14- labdatriene may be 
doing in the rice plant, but it’s role as a defense signaling molecule precursor would be 
consistent with the inducibility of OsKSL10 and OsCPS4syn [13].  Diterpene profiles of rice 
have been investigated before [20,21].  While a complete collection of standards was not 
available in these investigations, it was noted that unidentified compounds exhibiting 
characteristic diterpene mass spectra were present.  Accordingly, this may include syn-
labdatriene.  As OsKSL10 and OsCPSsyn are inducible, we had found that the time of 
induction for each of these genes was similar to that reported and within 24 hours of elicitor 
application [6, 12].  It should be noted that the OsCPS4syn was found to be constitutive in 
the roots and upregulated in leaves, as expected given its role in allelochemical and 
phytoalexin production.  The expression pattern for OsKSL10 was not evaluated in rice 
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roots.  This leaves open further questions regarding the physiological nature of this 
compound, whether it is found in roots or leaves or both, and its location and time of 
production within the plant could suggest a biological role.  Upon extraction of methyl 
jasmonate induced rice leaves, syn-labdatriene was found to be present at low levels 
compared to other diterpenes such as kaurene (figure 2).    
The formation of syn-8,12,14-labdatriene from syn CPP presumably encompasses one 
of the simplest reaction mechanisms of a class I synthase (scheme 5).  While there can be 
significant regiochemical differences between syn and ent CPP, the fact that both are reactive 
with OsKSL10 and exhibit kinetic parameters that are not outside orders of magnitude from 
each other, suggests that binding and catalysis are facilitated by the enzyme, and each 
substrate is tolerated within the active site.  For labdatriene formation, simple deprotonation 
occurs without the ring closure caused by the nucleophilic attack on the C13 from the 
methylene group on C8, following typical prenyl diphosphate ionization.  Given the planarity 
of the fused A and B rings and the free rotation about the single bonds in the acyclic carbons 
that are common to both stereoisomer substrates, this may allow for similar orientation of the 
allyl carbocation; nevertheless, cyclization does not appear to take place with syn CPP, 
instead deprotonation occurs.  There is some chemical evidence to suggest that the enzyme is 
exerting some control over the reaction, as outlined by biomimetic investigations.   
Interestingly, ab initio density functional calculations for some of the carabocation 
intermediates typical to syn labdane-related diterpene enzymatic rearrangements have been 
performed [26].  The initial allyl cation, which undergoes deprotonation to form labdatriene 
or ring formation with the other diterpenes, is predicted to be of considerably higher energy 
(30kcal/mol) than the other carbocations from C-ring formation (approximately 1 – 19 
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kcal/mol).  These calculations were prompted by observations that acid treatment, including 
in inert organic solvent, of a tetracyclic aphidicolanol, which has the hydroxyl moiety on the 
D ring, resulted in rearranged products of a tetra cyclic nature, some of which would require 
conversions of tertiary to secondary carbocations.  Accordingly, the predicted energy barriers 
between secondary and tertiary carbocations were low enough to allow conversion among 
various proposed carbocations and rearrangements.   
Additionally, acid treatment of syn-copalol, serving as a biomimic of syn-copallyl 
diphosphate, resulted in predominantly tricyclic pimarane products with some tetracyclic, 
rather than the bicyclic “simpler” labdtriene which the enzyme produces.  It should be noted 
that a few minor, unidentified products on the GC trace could be labdatriene, but these minor 
products appear to constitute less than 10% of the products.  Furthermore, attempts to convert 
the ent copalol into tri or tetracylic compounds were not successful.  As this would, most 
likely, undergo a similar formation to a similar allyl carbocation, in the initial intermediate in 
the reaction, yet did not, it suggests that this type of intermediate indeed may be of high 
energy [27].  Given that OsKSL10 does not allow the lowest predicted energy product to 
form, it suggests that the formation of the labdatriene is under kinetic control.  However, the 
manifestation of multiple products in assays may suggest a role in other factors affecting 
catalysis, such as protein dynamics.  We speculate that these products can be the cis isomer 
of labdatriene, as well as a sclarene isomer, which contains three methylene moieties.    
  Additionally, the OsKSL10 enzyme contains a phenylalanine at the switch position 
(figure 1).  Whereas nearly all the other class I enzymes, contain an isoleucine or threonine at 
this position for tetracyclic or tricyclic products, respectively, OsKSL10 contains a large 
phenylalanine.  AgAS and BjKS contain a valine at this position.  It is interesting to consider 
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the possibility of making mutants at this OsKSL10 position to see if a tricyclic syn product 
can emerge and the role of polarity vs. size at this switch position.  Additionally, as the wild 
type enzyme is not reactive towards normal-CPP, it would be interesting to find a mutant 
whereby it can accept all three stereoisomers of CPP.  Furthermore, in phylogenetic analysis, 
OsKSL10 is the only labdane-related ditepene synthase characterized here that does not 
cluster with any of the others and is an outlier among the class I synthases.   
BjKS is one of the more interesting examples of a promiscuous enzyme.  While B. 
japonicum is not known to produce any syn diterpenoids, there, presumably, is no selective 
pressure for BjKS not to react with syn-CPP.  Additionally, the enzyme is markedly shorter 
than the plant class I enzymes, 300 amino acids compared to 800.  The bacterial homolog 
contains just the catalytic C-domain, and it’s homology with the other plant class I synthases, 
as well as characterized bacterial class I’s is rather low (16%).  Nevertheless, it appears to 
conduct chemically equivalent reactions to convert ent-CPP to ent-kaurene.  Interestingly, it 
can also catalyze the reaction of syn-CPP to syn pimaradiene and three other unidentified syn 
compounds (<30%), albeit at seemingly lower yields than kaurene.  In this respect, it 
resembles OsKSL10 with its bi-selectivity towards ent and syn-CPP, yet in product outcome 
it resembles OsKSL11 as it can generate tetracyclic and tricyclic products from different 
substrates.  In this entire screen, no class I synthase was found that could react with multiple 
substrates and from each one produce a tetracyclic compound.  Such an enzyme would 
mechanistically be the most complex among the labdane-related diterpene synthases, and 
with s.         
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Conclusions 
Given the presumed specific biosynthetic role of diterpene class I synthases in the 
rice plant, their ability to produce the desired products is dependent on their ability to 
specifically react with only one of the two stereoisomers they may encounter.  OsKSL10 is 
the exception as it is a bi-selective enzyme, with respect to substrate reactivity.  Kinetic 
parameters, biological arguments, as well as chemical information suggest that the enzyme 
exerts kinetic control over each reaction, suggesting this is not just a “sloppy” enzyme and 
both reactions could have physiological relevance.  With respect to the other family 
members, selective pressure could maintain their ability to react with the appropriate 
substrate when faced with more than one possibility, as this could effectively deplete useful 
chemical resources that could be used for important functions such as defense or growth.  
There is no immediate reason to assume the class I synthases have selective pressure against 
reacting with a stereoisomer it will not encounter in the organism.  Given the plasticity we 
have seen in the past with product outcome, it seems that some degree of plasticity with 
respect to substrate selection may be possible.  Our results indicate a slight degree of 
plasticity with respect to substrate selection, but not as much as we have seen with product 
outcome.  Given the high homology among some family members (KSL8 and 11 for 
example; 11 has substrate plasticity, 8 does not), it seems reasonable that a few key amino 
acids may be responsible for controlling substrate selection/plasticity while the nature of the 
switch position remains unclear as to the role of polarity or side chain volume.     
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Materials and Methods 
 
Media Recipes and Cell Strains Used 
 
All media recipes were made at pH 7 and autoclaved with the appropriate starting 
ingredients.  FL media for 1 L was comprised of 10gr yeast extract, 20 gr casein hydrolysate, 
5 gr NaCL, 1 gr MgSO4, 20 mL glycerol, and phosphate buffer.  Addition of glycerol and 
phosphate buffer was added at the time of induction.  Previous work has established that the 
OverExpress C41 strain of E. coli (Lucigen, Middleton, WI) is well suited to T7 promoter 
based expression of plant derived labdane-related diterpene synthases.4 Thus, all work in this 
study has been carried out with the use of this C41 strain. Chemically competent C41 cells 
(10 µL) were typically co-transformed with 1 µL of each plasmid and grown with dual 
antibiotic (34 µg/mL chloramphenicol and 50 µg/mL carbenicillin) selection on NZY media.  
Base strains housing the two vectors of pMBI and pGGxC were made chemically competent 
and used for transformations of the class I and p450 housing vectors.  Expression of the 
encoded genes was induced by the addition of IPTG. 
 
Biofermentation 
E. coli cultures housing the appropriate combination of genes were grown in high 
density shake flask cultures of 20mL.  Following 72 hours of biofermentation, cultures were 
extracted with and equal parts (v/v) hexane with 1:50 ethanol added to disrupt emulsions.  
Removal of organic product and extraction under liquid nitrogen afforded high yields 
(>10mg/L) of high purity.  Quantification was performed by GC-FID analysis as previously 
described, while product identification was determined by GC-MS and comparison with 
authentic standards.   
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Determination of OsKSL10 bi-selectivity 
To determine that it was OsKSL10 that was reacting with syn or ent CPP and it was 
not a bi-product, purified GST-OsKSL10 as well as cleared lysate were reacted with 
biosynthetically made syn and ent CPP from GGPP and class II CPS enzymes.  It was 
determined that purified enzyme was enough to form labdatriene and sandaracopimaradiene.  
No cellular co-factors, membrane components,  or heterologous protein complexes appeared 
to be necessary.  Functional activity was determined with tagged and untagged versions of 
KSL10 reacting with biosynthetically made CPP followed by heating to denature any 
enzymes present, particularly the class II enzyme.    
 
Enzymatic assays 
Assays were performed using a coupling system that has been previously described 
[17].  Briefly, E. coli transformed with expression plasmids of syn OsCPS2 and ent AtCPS 
were cultured and used to purify the class II cyclases using GST-agarose or His-patch 
Thioredoxin affinity chromatography with the fusion tags.  Assays were performed as 
previously described with varying concentrations of GGPP ranging from 0.1uM to 100uM.  
The class II enzymes were incubated with GGPP for 5 hours for complete turnover of GGPP 
to produce CPP substrate for the class I enzymes.  Substrate biosynthetic reactions were 
terminated by heating to 65 degrees, given the inherent instability of the enzymes, this is 
sufficient to terminate their activity.  Extractions of the assays were then performed and 
treated with phosphatase (CIP, New England Biolabs) to determine the % conversion of a 
known amount of GGPP to CPP.  This was then used to quantify substrate for the enzymatic 
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class I assays.  Assays were performed in duplicate with purified GST-KSL10 fusion 
proteins.  Time and concentrations variations were performed to generate kinetic plots.    
 
Generation of Labdatriene product for NMR Determination 
To generate the milligram quantities needed for NMR analysis, we utilized our 
metabolic engineering system that has been previously described.  Briefly, plasmid modules 
housing the MEP pathways genes, idi, dxs, and dxr, and a GGPP synthase/CPS duet vector 
were co-transformed with a class I DESTination vector.  Baffled 1L shake flasks were 
biofermented for 72 hours with supplementation by pyruvate (50mM) and glycerol to 1:50 
v/v.  Extraction with 1L hexane resulted in pure diterpene product that was suitable for NMR 
analysis.  We were able to obtain approximately 15 mg/L of labdatriene.  Some product was 
presumably lost from emulsion avoidance as well as purification over silica gel.  GC-FID and 
GC-MS analysis verified that the silica gel chromatography did not re-arrange or otherwise 
change the product.  The final product was resuspended in duetorated methyl chloride.     
 
Extraction of Rice Leaves 
 Rice leaves which had been treated with methyl jasmonate for up to 36 hours where 
frozen at –80 degree Celsius.   A liquid nitrogen bath was used for mortar and pestle 
homogenization of approximately 100 grams of frozen, cut up, leaves.  Glass beads were 
incorporated into the homogenizing bath to facilitate rupture.  As the leaves thawed, PBS was 
added to produce a paste.  Rice cell suspension cultures were aliquoted out and then strained 
out and incubated with GGPP to determine diterpene production.  The remaining solution 
was subject to hexane extraction, followed by ethyl acetate and tetrahydrofuran extraction.  
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Extracts were evaporated under liquid nitrogen and concentrated for silica gel 
chromatography.  Following this clean up step, the samples were then subject to GC-MS 
analysis.      
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 Scheme 1 depicts an overview of the class I enzymes, and their according products, from 
rice, grand fir, Bradyrhizobium japonicum, and Arabidopsis analyzed in this study.  
Biosynthesis for all labdane related diterpenes is initiated from GGPP.  The rice genes 
OsKSL4-11, AtKS, and AgAS genes were all screened for reactivity against the three 
stereoisomers of CPP found in plants.  The diterpene products are then usually functionalized 
by P450s and dehydrogenases into active compounds.     
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Scheme 2:  mevalonate pathway utilized in this study 
 
 
HOOC
OH
OH
Mevalonate
HOOC
OP
OH
Mevalonate-5-phosphate
HOOC
OPP
OH
Mevalonate diphosphate
OPP
Isopentanyl diphosphate
OPP
Dimethylallyl diphosphate
OPP
Mevalonate kinase
Phosphomevalonate kinase
Mevalonate diphosphate
decarboxylase
IPP Isomerase GGPPS CPP
pMBI
pGGxC
Mevalonate pathway used in this study.
Exogenous feeding of mevalonalactone
was used with the vectors pMBI and
pGGxC to produce ent, syn, or normal
CPP.
 
 
 
 
Table of metabolic engineering vectors used in this study: 
         
 
Vector                Marker     Genes/Insert/Base        Copy Number  Replicon/Base   Origin 
 
pMBI                   tet           ERG12, ERG8, MVD1           low            pBBR1     [13] 
 
pIRS                 spec        dxs, idi, dxr pCDFDuet         low/med     CloDF13            this thesis 
 
pGGnC              chlor        GGPPS, rAgAS D521A          low            P15A                  [8] 
 
pGGeC              chlor           GGPPS, ent CPS                 low            P15A                  [8]  
 
pGGsC              chlor           GGPPS, syn CPS                 low            P15A                  [8] 
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Table 1 
 
         ENZYME                                                               SUBSTRATE 
 
                                                ent CPP                    normal CPP                            syn CPP         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BjKS + 
kaurene - 
+,+,+,+ 
pimaradiene 
(60%) 
 
 
 
Table depicting overview of class I synthase reactivity with respective substrates.  Number of 
products formed is indicated by number of symbols (+), percentages of known or minor 
product are given, absence of reactivity is also indicated (-).  Known products are named.  
Minor products are indicated in italics, or not listed by name if unknown.       
+,+,+ 
stemarene (5%) 
stemodene: 
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 + 
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Figure 1:  Mass spectra for OsKSL10 produced syn-labda-8,12,14-triene.  Structure also 
confirmed by NMR.   
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Scheme 3:  BjKS can react with ent and syn CPP 
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Scheme 4: KSL4 syn vs. normal with KSL4 mutant for comparison 
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Scheme 5:  
 
 Conversion of syn CPP into syn labdatriene by KSL10 
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Table 2:  Apparent kinetic parameters for OsKSL10 
 
 
 
 
Substrate__________Km_________ Efficiency  Vmax/Km____________kcat 
 
ent-CPP            0.6 + 0.3 uM             0.007 + 0.004  /min             0.02 + 0.01/min                                                                                             
 
syn-CPP             6  + 3 uM                 0.002 + 0.001 /min             0.05 + 0.02/min                                           
 
 
 
 
 
 
Figure 1:  Alignment of the class I labdane-related diterpene synthases, the amino acids 
shown are those at and flanking the switch position, which is indicated with a diamond.   
 
 
 
738 754(738)
VSIALGTVVLISALFTGAgAS(720)
DSIAYANVFCCLSLLWGBjKS(164)
VSLGQGCTVMSALFLIGOsKSL7(677)
VTFALGPTILIALYFMGOsKSL4(689)
VSGAFASFVCPPLYFLGOsKSL10(652)
VSFALGPIVLPTLYFVGOsKS1(651)
DSFAVGPIITSAALFVGOsKSL5i(657)
DSFAVGPIITSAALFVGOsKSL6(657)
PSFALGPIVPLSAYLLGOsKSL11(654)
PSFALGPIVPVSAYLLGOsKSL8(652)
VSFALGPIILPMLFFVGCmKS(636)
ISFALGPIVLPATYLIGAtKS(631)
VSFALGPIVKPAIYFVGSrKS1(628)
VSFALGPIV  A YFVGConsensus(738)
 
                                           ♦       
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Phylogenetic tree illustrating the relationship of the OsKSL gene family based on ORF 
alignments.  Substrate specificity and inducible/non-inducible nature of the genes is 
indicated.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 147 
 
 
Figure 2:  GC-MS analysis of ethyl acetate extracted, methyl jasmonate induced rice leaves.  
Comparison is made to authentic standard of syn-labdatriene. 
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Postscript 
 
 The investigation regarding substrate selectivity of various class I synthases resulting 
in an interesting discovery of the dual nature of OsKSL10.  This discovery was quickly made 
by the utilization of our modular metabolic engineering system as in vitro assay system likely 
would not have yielded enough product for chemical characterization.    While the 
physiological relevance is unknown, it is, nevertheless, interesting to consider syn labdatriene 
as possessing a yet unknown biological function.  While my bias is certainly towards the 
chemistry, biochemistry, and metabolic engineering, it seems that I keep coming back to 
questions regarding the biology; and I most interested in what is occurring with the class I 
enzymes.  One of the nice things about this work is that it offers one ample opportunity to 
speculate.  While such musings may rarely get in print, it is nice, sometimes, to put one’s 
thoughts down on paper somewhere.     
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Chapter VI 
 
Increasing Complexity of a Diterpene Synthase Reaction with a Single Residue Switch 
 
Preface 
 Previous results in the lab pinpointed some key residues in class I diterpene synthases 
that may be responsible for exerting some control over the cyclization reactions.  Mutational 
analysis of these residues, as selected based on homology alignments, revealed a role for a 
polarity switch in dictating product outcome.  An analogous mutation was made in OsKSL4, 
a tricyclic syn-pimaradiene synthase, and the resulting product was found to be that of 
aphidacolene, a tetracyclic diterpene.  The presumed cyclization cascade for the formation of 
these two products suggests that loss of a polar residue at this switch position alleviates the 
‘short-circuit’ affect it imposes, thus allowing for further cyclization.   
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Abstract 
Terpene synthases often catalyze complex reactions involvingan intricate series of 
carbocation intermediates. The resulting, generally cyclical structures provide initial 
hydrocarbon frameworks that underlie the astonishing structural diversity of the enormous 
class of terpenoid natural products (>50,000 known)[1], and these enzymes often mediate the 
committed step in their particular biosynthetic pathway. Accordingly, how terpene synthases 
specify product outcome has drawn a great deal of attention [2]. Recent reports demonstrate 
that changes in a small number of amino acid residues can substantially alter specificity, 
although without generally increasing complexity of the catalyzed reaction and resulting 
product [3].  In previous work, we have shown that mutational introduction of a hydroxyl 
group at specific positions within diterpene synthase active sites can “short circuit” complex 
cyclization and rearrangement reactions, resulting in the production of “simpler” 
diterpenes.3e,g Here we demonstrate that the converse change, substitution of an Ile for Thr 
at the relevant position in a native pimaradiene synthase, leads to a dramatic increase in 
reaction complexity. Product outcome is shifted from the tricyclic synpimara-7,15-diene (1) 
to a rearranged tetracycle, aphidicol-15-ene (2). This result has implications for our 
understanding of the structure-function relationships underlying the reaction mechanism, 
engineering, and evolution of terpene synthases. 
 
Introduction 
Previously we found that substitution of a particular conserved Ile by Thr was 
sufficient to convert diverse ent-kaurene specific (>95%) synthases to the specific production 
of ent-pimara-8(14),15-diene.3e  In addition, the abietadiene synthases involved in conifer 
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resin acid production contain a nearby conserved Ala (Supporting Figure), substitution of 
which by Ser similarly leads to specific formation of pimaradienes rather than the original 
rearranged abeitane tricycles 3g .  Accordingly, replacement of these particular aliphatic 
amino acids by residues containing a hydroxyl 
group can “short circuit” complex cyclization/rearrangement reactions.  In particular, the 
mutant diterpene synthases presumably deprotonate the pimar-15-en-8-yl+ intermediate 
formed by initial (tri)cyclization of their specific bicyclic copalyl/labdadienyl diphosphate 
(CPP) substrate. In both cases, the targeted residue can be modeled near the 8-yl carbocation 
position, with the shift in exact position presumably due to the differing stereochemistry of 
the relevant CPP substrate. Hence, a carbocation proximal aliphatic 
residue seems to be necessary, but possibly is not sufficient, for more complex reactions. 
There is a syn-pimara-7,15-diene synthase (OsKSL4) [4] involved in rice antifungal 
phytoalexin (momilactone) biosynthesis that contains a Thr in place of the aforementioned 
Ile found in entkaurene synthases, consistent with the identical C9 configuration of ent- and 
syn-CPP (3). The mechanistically important Ala identified in abietadiene synthases also is 
conserved in OsKSL4, as well as ent-kaurene synthases. OsKSL4 is only distantly related to 
the rice ent-kaurene synthases (<60% amino acid identity) and exhibits distinct substrate 
stereospecificity for syn- rather than ent-CPP. Furthermore, the gene for OsKSL4 is found in 
the rice genome near that for the syn-CPP synthase (OsCPS4),4 along with those for a 
dehydrogenase and cytochromes P450 also involved in momilactone biosynthesis [5].  Such 
secondary metabolism gene clusters are unusual in plants and generally are taken as an 
indication of strong selective pressure for production of the resulting compound operating 
over evolutionarily long timescales [6]. Together these findings suggest OsKSL4 has served 
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as a syn-pimaradiene specific synthase for an extended period of time, with no selective 
pressure to retain catalytic features in its active site for more complex reaction mechanisms.  
Accordingly, mutational analysis of OsKSL4 provides an opportunity to investigate the 
possibility that the previously identified carbocation proximal single residue change acts as a 
true switch controlling reaction complexity. 
For this purpose, Ile was substituted for Thr at the previously identified functionally 
important position in OsKSL4. The product mix from reaction of the resulting 
OsKSL4:T696I mutant with syn-CPP was comprised of approximately 80% of a novel 
diterpene, along with approximately 20% of the original pimaradiene (Figure 1). Comparison 
of the yield from wild type or mutant diterpene synthases upon coexpression 
with geranylgeranyl diphosphate and CPP synthases has been correlated with relative 
catalytic efficiency in vitro,3e,g and such comparative analysis with OsKSL4:T696I 
demonstrate this mutation has only minimal effect on yield (less than 2-fold decrease) and, 
presumably, enzymatic activity. 
 
Results and Discussion 
To obtain sufficient amounts of the novel diterpene product for structural analysis, we 
incorporated use of the “bottom half” of the heterologous mevalonate dependent isoprenoid 
pathway from yeast, along with mevalonate supplementation, using a previously described 
pMBI plasmid,[7] in conjunction with a modular metabolic engineering system we recently 
developed [8]. The resulting recombinant bacterial strain produced over 1 mg diterpenes/L 
culture, enabling isolation of sufficient amounts of the novel diterpene product of 
OsKSL4:T696I for structural determination by NMR, demonstrating that this predominant 
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enzymatic product corresponds to aphidicol-15-ene (see Supporting Information). Notably, 
this appears to be the first report of an aphidicolene specific diterpene synthase. 
The production of aphidicolene by OsKSL:T696I represents significant extension of 
the original direct deprotonation of the pimar-15-en-8-yl+ (4) intermediate formed by initial 
(tri)cyclization mediated by wild type OsKSL4. In particular, to form aphidicolene the initial 
pimarenyl+ intermediate must undergo a 1,2-hydride shift from C9 to C8, secondary 
(tetra)cyclization, and Wagner-Meerwein ring rearrangement of the initial secondary 
carbocation tetracycle to the more stable tertiary aphidicolanyl carbocation that undergoes 
terminating deprotonation (Scheme 1). 
These results indicate that the nature of the carbocation proximal residue acts as a true 
switch controlling product outcome. The presence of a hydroxyl containing side chain leads 
to predominant deprotonation of the pimarenyl+ intermediate formed upon initial 
(tri)cyclization, whereas that of an aliphatic side chain enables predominant extension to 
more complex further cyclized and/or rearranged diterpenes. Given the expectation that 
terpene synthases act to stabilize many of the carbocation intermediates in their reaction 
cascades, [2] this result is somewhat counter-intuitive.  Decreased polarity in the active site 
would have been expected to lead to loss of carbocation stabilization and, hence, less rather 
than more complex reaction mechanisms. 
Although it is not readily evident why such a simple single residue switch leads to the 
intricate, yet specific, cascade of carbocationic intermediates observed here, fortuitously, 
extensive experimental and theoretical investigation of the cyclization of syn-copalol, as a 
biomimetic of syn-CPP cyclization, has been previously reported [9]. This study 
demonstrated that acid treatment (1.5 equiv. BF3•Et2O in CH2Cl2) of syn-copalol produced 
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a variety of tricyclic pimaradienes as well as rearranged tetracycles. Beyond production of 
pimaradienes resulting from direct deprotonation of the pimar-15 en-8-yl+ formed by initial 
(tri)cyclization (18% yield), a pimara-9(11),15-diene that must arise from deprotonation of 
the pimar-15-en-9-yl+ intermediate from C9-C8 hydride shift (4% yield) was also observed. 
In addition, rearranged tetracycles resulting from subsequent secondary (tetra)cyclization and 
ring rearrangement (15% yield) were observed. Thus, even in inert organic solvent, syn-
copalol readily undergoes an acid catalyzed extended cyclization and rearrangement reaction 
similar to that inferred for production of aphidicolene. Nevertheless, the rearranged 
tetracycles formed in this biomimetic cyclization reaction are of the betaerane type (e.g., 5), 
which differ from the enzymatically produced aphidicolene in regiochemistry of the 
concluding ring 
rearrangement (i.e., from C12 instead of C14). Furthermore, in contrast to the biomimetic 
cyclization reaction, OsKSL4:T696I predominantly produces the more complex rearranged 
tetracycle.  Therefore, the mutant enzyme does exert significant control over 
the catalyzed reaction. 
The inert nature of the aliphatic residue associated with formation of more complex 
products, both here and elsewhere,3e,g indicates the rationale for specificity of the inferred 
reaction mechanism lies elsewhere. In particular, secondary (tetra)cyclization requires that 
the π bond of C16 attacks the carbocation of the appropriate pimarenyl+ intermediate (here 
C9 of the pimar-15-en-9-yl+ arising from 1,2-hydride shift after initial (tri)cyclization s see 
Scheme 1). Clearly, these diterpene synthases dictate substrate conformations that promote 
such proximity of reacting carbons. In addition, as indicated by our previous results,3e,g the 
pyrophosphate coproduct from initiating ionization also may influence enzymatic reaction 
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mechanisms in providing a stabilizing counterion to assist the energetically unfavorable 
tertiary to secondary carbocation transition occurring during (tetra)cyclization. Thus, our 
cumulative results provide strong evidence for the hypothesis that the major role of terpene 
synthases is to fold their substrate and then trigger ionization, simply providing a solvent-
shielded template for the ensuing series of carbocation intermediates, [10] while additionally 
highlighting a role for the released pyrophosphate in driving the reaction toward 
intermediates wherein the carbocation is located proximal to this anionic coproduct. This 
provides an integrated view of terpene synthase catalysis that may assist rational engineering 
of these fascinating and important enzymes. 
Beyond the mechanistic implications, the profound plasticity exhibited by diterpene 
synthases is consistent with the screening/diversity-oriented hypothesis of natural products 
metabolism [11].  Specifically, our results, both here and elsewhere,3e,g provide concrete 
examples of the ability of key single residue changes, requiring substitution of only a single 
nucleotide in each case, to quantitatively switch product outcome in these critical 
biosynthetic enzymes. 
 
 
Materials and Methods 
 
General 
Unless otherwise noted all chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK) and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). 
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Recombinant construct 
Site directed mutagenesis was carried out in a previously described Gateway system 
(Invitrogen, Carlsbad, CA) pENTR/OsKSL4 vector.1 The resulting OsKSL4:T696I mutant 
was verified by complete sequencing prior to recombination into the T7-promoter N-terminal 
glutathione-S-transferase (GST) fusion expression vector pDEST15. 
 
Enzymatic analysis 
GST-OsKSL4:T696I was expressed, purified, and its product profile characterized 
using a coupled assay with the syn-CPP synthase from rice (OsCPS4) to convert (E,E,E)-
geranylgeranyl diphosphate (GGPP; Sigma-Aldrich, St Louis, MO) to syn-CPP as previously 
described [12].  The resulting products were analyzed by gas chromatography-mass 
spectrometry (GC-MS) and comparison to available authentic standards, as previously 
described.1 Briefly, GC-MS was carried out on organic extracts using an HP1-MS column on 
an Agilent (Palo Alto, CA) 6890N GC with 5973N mass selective detector in electron-
ionization mode (70eV) located in the W.M. Keck Metabolomics Research Laboratory at 
Iowa State University. The relative activity of OsKSL4:T696I was estimated by comparison 
of the yield from co-expression in E. coli with a GGPP synthase from Abies grandis and 
OsCPS4, using a modular diterpene metabolic engineering approach we have previously 
described [13] with that from co-expression of wild type OsKSL4. 
 
Diterpene production 
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To make sufficient amounts of the novel enzymatic product for NMR analysis, the 
modular diterpene metabolic engineering system was utilized in conjunction with the bottom 
half of the mevalonate dependent isoprenoid pathway from yeast, using the previously 
described pMBI vector,4 and supplementation with 20 mM mevalonolactone. The diterpenes 
were extracted from a 3 L culture (media and cells) with 0.5 L ethyl acetate and then 0.5 L 
hexane. These organic extracts were pooled and washed against 1 L deionized water (dH2O) 
prior to rotary evaporation. The residue (~4 mg diterpenes) was dissolved in 5 mL 45% 
methanol/45% acetonitrile/10% dH2O, and the diterpenes separated over a C18 column, 
using an Agilent 1100 series HPLC, and washing the bound diterpenes with dH2O prior to 
elution with methanol. The fraction containing the novel diterpene was dried under a gentle 
N2 stream and then dissolved in 0.5 mL deuterated benzene (C6D6; Sigma-Aldrich), with 
this evaporation-resuspension process repeated two more times to completely remove the 
protonated methanol solvent, resulting in a final estimated ~2.5 mg of the novel diterpene. 
 
 
 
Structural analysis 
NMR spectra for the novel diterpene were recorded at 25 °C in C6D6 to reduce the 
risk of air oxidation. NMR spectra were collected using a Bruker Avance 500 and Avance 
700 spectrometers. Structural analysis was undertaken using 1D 1H, 1D 13C, 13C-APT, 
DQF-COSY, HSQC, HMBC, ROESY, HSQC-COSY spectra acquired at 500 MHz and 1D 
13C and DQFCOSY acquired at 700 MHz using standard experimental protocols. Chemical 
shifts were referenced to TMS. After elucidation of the predominant OsKSL4:T696I product 
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as apidicol-15-ene (11), the mass spectral data from GC-MS analysis of the enzymatic 
product was compared to that previously reported for this compound,5 confirming the 
assigned structure. Proton (499.87 MHz) chemical shifts and assignments: δ 1.373 ppm (1H, 
d, 13.4 Hz, H1a), 1.115 (1H, t, 13.3 , H1b), 1.587 (1H, d, 15.5, H2a), 1.376 (1H, d, 2.5, H2b), 
1.540 (1H, t, 14.1, H3a), 1.129 (1H,d, 12.9,H3b), 2.078 (1H, t, 6.6, H5), 1.485 (1H, t, 7.7, 
H6a), 1.357 (1H, d. 9.7, H6b), 1.571 (1H, d, 14.2, H7a), 1.247 (1H, td, 12.4, 4.8, H7b), 2.034 
(1H, dd, 13.0, 2.7), 1.961 (1H, m, H11a), 1.152 (1H, t, 10.7, H11b), 2.023 (1H, m, H12), 
1.633 (1H, d, 12.98, H13a), 1.472 (1H, m, H13b), 2.337 (1H, d, 18.4, H14a), 2.120 (1H, 
17.9, H14b), 5.102 (1H, m, H15), 1.694 (3H, s, H17), 0.866 (3H, s, H18 or H19), 0.883 (3H, 
s, H18 or H19), 0.964 (3H, s, H20). Carbon (125.70 MHz) chemical shifts and assignments: 
δ (ppm) 43.21 (C1), 20.12 (C2), 34.37 (C3), 33.62 (C4), 39.93 (C5), 36.07 (C6), 23.66 (C7), 
45.79 (C8), 48.97 (C9), 40.73 (C10), 39.34 (C11), 42.62 (C12), 26.55 (C13), 27.76 (C14), 
119.09 (C15), 147.48 (C16), 22.27 (C17), 22.31 (C18 or C19), 34.70 (C18 or C19), 16.28 
(C20). EIMS m/z (%): 272 (34), 257 (100), 201 (37), 175 (27), 148 (22), 119 (27), 105 (51), 
91 (50). 
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Figures 
 
 
 
 
 
Figure 1.  Effect of T696I mutation on OsKSL4 product outcome. Selected ion (m/z ) 272) 
chromatograms from GC-MS analysis (1, syn-pimara-7,15- diene; 2, aphidicol-15-ene). 
 
 
 
Scheme 1. 
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Postscript 
 
 One of the long term goals of the lab is to be able to engineer these biosynthetic 
enzymes to make novel small molecules.  While aphididcolene is not necessarily a novel 
small molecule, it does demonstrate the ability of these enzymes to potentially be engineered 
to make different diterpenes.  One can envision a scenario whereby any one of the various 
carbocations in the cyclization cascade is stabilized or quenched, to allow for deprotonation.  
In the absence of a crystal structure, however, we are limited to mechanistic arguments, 
homology modeling, and sequence homology to guide engineering attempts.  It would be 
mechanistically interesting, as well as unlikely, to engineer an enzyme that would stop the 
cyclization cascade, through deprotonation, at the abeo-stachanyl+ intermediate, presumably 
formed in OsKSL11 and OsKSL4 T696I cyclizations as this is predicted to be a high energy 
intermediate.  Perhaps a crystal structure is needed for those efforts.  Another question that I 
have regards the nature of these enzymes, how is the same active site, which recognizes the 
same substrate, able to create a mixture of products.  As presumable only one substrate 
molecule reacts at a time in the same catalytic site, and this is converted in proportion at all 
times, ie, the ratio of aphidicolene to pimaradiene is always the same as determined by time 
course experiments in our metabolic engineering system (80%:20%), how can the enzyme 
accomplish this mixture?  I speculate that one of the under investigated reasons for this may 
be the role that protein dynamics takes.  Can these class I synthses, or C-terminal domains in 
the case of bifunctional enzymes, exhibit a degree of dynamics that allows for multiple 
product outcome?  This would lead to questions regarding the interplay of dynamics vs. 
molecular determinants – ie, maybe making a mutant that changes the active site is not 
enough, perhaps this must also be accompanied by protein dynamics.  An interesting simple 
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experiment would be to use a class I enzyme and see the product profile with respect to 
temperature or pressure.  While temperature changes using our metabolic engineering system 
(16 degrees Celsius to 30 degrees Celsius) have not appeared to changed product profile, it is 
an in vivo system for starters and most of these observations have been made with the more 
product specific class I synthases (ie, kaurene synthase).  Perhaps the sesquiterpene synthases 
are better suited for these experiments given the reported ease of recombinant expression and 
assay systems with these enzymes.  However, dynamics appear to be underexplored as to its 
role in catalysis.  One study did demonstrate that residues removed from the active site of a 
structurally determined class I sesquiterpene synthase, epi-aristolochene synthase (EAS) 
were sufficient to change product profile into that of a premnaspirodiene synthase [1].  The 
authors suggest that protein dynamics could play a role in this conversion from apparently 
non-active site mutations, many of which represent changes in size and/or polarity.  
Nevertheless, one of the questions I have since had with class I synthases is the role of 
chemical factors such as size, charge, and polarity in controlling the cyclizations.  Therefore, 
I began a more detailed mutational analysis of these enzymes, while patiently, or not so much 
so, anticipating structural details.     
 
 
[1] Greenhagen BT, O’Maille PE, Noel JP, & Chappell J (2006) Identifying and  
Manipulating Structural Determinates Linking Catalytic Specificities in Terpene 
Synthases.  Proc. Nat. Acad. Sci. USA 103(26):  9826-9831  
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Chapter VII 
 
Metabolic Engineering II:  Expanded Modularity for P450 Incorporation and 
Combinatorial Biosynthesis of Diterpenoids in E. coli 
 
 
Preface 
 Expression and activity of kaurene oxidase had been very challenging, as can often be 
the case for cytochrome P450s.  Seeing the potential of the metabolic engineering system to 
avert issues with obtaining high level recombinant expression, I considered it’s useful for 
P450 expression.  As a result, I established some new base vectors and set out to determine if 
this system could be used for P450 expression and activity assessment.  If the obstacle posed 
by difficult in vitro assays, presumably due to poor recombinant expression and enzyme 
stability, could be circumvented, I had hypothesized that the plasticity of our enzymes could 
be combined in a combinatorial biosynthetic fashion.   
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Abstract 
 Metabolic engineering techniques have been a valuable tool for complex small 
molecule production, biosynthetic pathway elucidation, and biochemical mechanistic 
investigations.  Furthermore, it offers a platform technique for combinatorial biosynthesis.  
Additionally, the in vivo environment can be advantageous for problematic recombinant 
protein expression.  As cytochromes P450 can pose a significant challenge for recombinant 
expression in microbial hosts, metabolic engineering approaches may be suitable for CYP 
investigation.  Further expanding the modularity of our previously described high yield facile 
metabolic engineering system used for labdane-related diterpene investigations, we have 
incorporated the downstream biosynthetic P450 of kaurene oxidase from the diterpenoid 
gibberellin phytohormone pathway.  We demonstrate the feasibility of facile CYP 
incorporation into a single host of E. coli to produce mg/L quantities of diterpenoids from the 
bottom half of a heterologous MEV pathway, with no need for intermediate diterpene 
feeding.  Taking advantage of the plasticity of both diterpene synthases and CYPs, we 
demonstrate the first example of combinatorial biosynthesis for members of the biologically 
active labdane-related diterpenoid family.      
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Introduction 
 
 The feasibility of metabolic engineering in E. coli for heterologous pathway 
incorporation of natural product biosynthesis has been readily manifested by the wide array 
of various small molecules produced.  For example, polyketides, isoprenoids, and flavanoids 
have all been the subject of metabolic engineering within a variety of organisms, with the 
majority of efforts being focused on the isoprenoids within microorganisms [1].  Among the 
isoprenoids, biosynthesis of active compounds is heavily dependent on cytochrome P450s.  
These typically membrane inserted heme-thiolate enzymes are often responsible for the 
insertion of oxygen onto unactivated carbon atoms.  Within biosynthetic pathways, these 
enzymes typically exhibit a high degree of substrate specificity, to discriminate among 
potential substrates for a desired product, in contrast, detoxification CYPs may exhibit a wide 
range of promiscuity with respect to substrate selection.   
 However, natural product metabolic engineering in microbial host organisms presents 
a challenge for P450 incorporation.  There are various problems associated with P450 
expression and activity in E. coli, for example.  Among these obstacles are expression, 
folding, activity, membrane incorporation coupling with redox partners, post-translational 
modification, and co-factor incorporation [2, 5].  These factors contribute to the difficulties in 
heterologous expression for in vitro activity and explain why among the >1,000 predicted 
plant P450s, only a small number have been heterologously expressed and functionally 
characterized.  Accordingly, various methods to achieve high level expression and activity 
have been utilized.  These typically involve modification of the N-terminal membrane 
anchoring motifs, re-coding to favorable host codon usage, and engineering of regions 
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predicted to be membrane associated [3].  Currently, microbial metabolic engineering for 
P450 incorporated oxygen into natural products has been limited to a few examples of 
isoprenoids and flavonoids, and often with low yields, with the production of artemisinic 
acid, however, being the largest at over 500mg/L [2, 4]. 
Previous work demonstrated the feasibility of heterologous MEV pathway 
engineering in E. coli  for production of diterpene isoprenoids at levels greater than 100mg/L, 
with yields sometimes being around 500mg/L.  Additionally, we also demonstrated the 
ability of MEP pathway incorporation to be a viable and economical means for diterpene 
production in milligram quantities suitable for downstream applications (ie, NMR, 
biochemical assays, etc).  In plant labdane-related diterpenoid biosynthesis, P450s 
presumably elaborate the fused bicyclic ring structure with oxygenation as in the known case 
of gibberellin phytohormone production, where multifunctional kaurene oxidase converts the 
C-20 hydrocarbon, kaurene, to kaurenoic acid [6].  Here we have demonstrated that facile 
incorporation of a truncated and modified version of Arabidopsis kaurene oxidase 
cytochrome P450 (AtKO) into an added module of our metabolic engineering system enables 
production of kaurenoic acid in mg/L quantities.  Thus our system is amenable to 
incorporation of cytochrome P450 enzymes, giving us a tool for functional identification of 
P450 containing terpenoid biosynthetic pathways as well as a means to biochemically 
investigate these CYPs.  
Additional testing with AtKO in this system enabled combinatorial biosynthesis, 
whereby this P450 was able to oxidize the three different diterpene products of kaurene, 
isokaurene, and atiserene produced by a previously described class I diterpene synthase 
mutant (OsKSL5j T664I) into the corresponding C-13 acids.  The utilization of these two 
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genes into our facile metabolic engineering system represents a combinatorial biosynthetic 
approach as they account for the production of six different products.  While many previous 
efforts at combinatorial biosynthesis utilized natural products, it has been the polyketides that 
have been the subject of most investigation in this burgeoning bio-chemical approach.  
Additionally, many approaches have relied on the generation of a mutant or different host 
organism to achieve a different chemical modification (ie, glycosylation, methylation, 
acylation, etc), so the extent of a true “combinatorial” approach is rather different from the 
enzymatic modular approach here [14].  Among the natural products, alkaloids, flavonoids, 
carotenoids, and polyketides have been the subject of combinatorial biosynthesis [16].  As 
such, this work represents the first attempts at combinatorial biosynthesis within the highly 
biologically active labdane-related diterpenoid family of natural products.       
 
 
Results 
 
Kaurene Oxidase Modification for Expression 
 Preliminary work established the necessity of modification of AtKO for functional 
expression.  A number of approaches were taken with individual results being assessed with 
in vitro assays.  Full length, unmodified AtKO was demonstrated to be inactive in E. coli 
with either microsomal preparations or whole cell feeding assays.  A modification of the N-
terminus to incorporate and replace the first eight, codon optimized, amino acids of the 
bovine 17α-hydroxylase at the N-terminus of AtKO was examined for better expression 
and/or activity [7].  While this approach has worked for increasing P450 expression in E. 
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coli, neither replacement nor appendage worked for AtKO.  Next, a series of truncations 
deleting the first 16, 24, and 33 amino acids was tested, along with incorporation of the eight 
amino acid leader peptide, but without success.  Additionally, these constructs were tested in 
yeast strain wat11, a strain which houses a copy of the Arabidopsis NADPH-cytochrome 
P450 reductase (AtR1) [8].  While yeast whole cell assays feed with kaurene would produce 
kaurenoic acid, microsomal preps failed to offer consistent activity.  A truncation utilized by 
Scott for the P450 2B family and described by von Wachenfeldt greatly increased the 
expression of P450 2C3 [10].  Briefly, the membrane spanning N-terminal residues up to the 
proline hinge motif were deleted and replaced with a Ser and Lys rich motif.  This was 
shown to increase expression and decrease membrane association [9].  When this approach 
was attempted with AtKO to create AtKOm, expression and activity increased dramatically, 
along with the ability to obtain a reduced CO-difference spectra.  However, stability was an 
issue as the characteristic peak at 450nm upon CO binding was quickly shifted to a peak at 
420nm, indicative of an inactive form of the enzyme.  Encouraged by these results, we 
obtained an E. coli codon optimized version of the gene and made the same modification to 
create sAtKOm (Figure 1).  When this version was tested, greater conversion of kaurene to 
kaurenoic acid was obtained.       
              
Vector Design and Pathway Construction 
 With the completion of a viable construct for AtKO expression, we sought to 
incorporate it into our previously described modular, facile metabolic engineering system for 
diterpenoid production.  Briefly, plasmid modules housing either  heterologous MEV 
pathway genes or MEP pathway genes increase isoprenoid precursor supply.  Additional 
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modules incorporate a geranylgeranyl diphosphate synthase gene (GGPPS), the appropriate 
class II cyclase to produce copalyl diphosphate, a class I synthase /AtR1 duet destination 
vector, and a fourth vector for ligation independent cloning of a P450 (Table1).  In the case 
of sAtKOm, we utilized a previously described cell strain of C41 housing the base vectors of 
pMBI and pGGeC – thus enabling the strain to produce ent-copalyl diphosphate.  A double 
transformation of modules housing sAtKOm and AtKSd41/AtR1 enabled incorporation of 
the entire pathway (Layout 1). 
 
Product Analysis of Biofermentation 
 Previously, we had described biofermentation conditions of our module metabolic 
engineering system.  We utilized the same growth and media conditions for sAtKOm 
expression.  In addition to 20mM mevalonalactone supplementation, delta-amino levulinic 
acid was also added to assist in heme-synthesis as needed by the P450.  Using our previously 
established biofermentation conditions, we were able to grow relatively high density titers to 
an OD of 20 (absorbance at 600nm) in baffled shake flasks.  Following biofermentation, 
extracted cultures demonstrated production of kaurenoic acid as determined by GC-MS 
analysis.  Appreciable conversion of kaurene to kaurenoic acid was observed in a variety of 
test conditions (figure 2).  While the diterpenes readily extract, based on results with internal 
standards of added diterpene, the oxygen elaborated diterpenoids appear to extract with less 
than 100% efficiency (>80%).  One of the markers for conversion efficiency, however, is to 
simply observe the level of kaurene unconverted compared to the oxygenated diterpenoids.  
In some cases, nearly 100% conversion was observed.  These results were more typically 
seen with cultures grown at lower temperatures (20 degrees Celsius).  Repeated testing with 
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this system demonstrated the reliability of consistent conversion of kaurene to kaurenoic 
acid.   Quantification was based on GC-FID analysis with a standard curve for quantification 
set to kaurene and cembrene standards.  In the cases where kaurene was present, 
quantification was based on the amount of kaurene present, with the acid being quantified as 
a percentage of the kaurene converted.  Where kaurene was absent and had been fully 
converted, direct quantification of the acid was made.  It should be noted that these estimates 
may result in a lower quantification of acid produced as it represents a lower bound due to 
the lack of complete extraction of the acid from the biofermentation, presumably due to its 
more polar nature compared to the diterepene.  Nevertheless, we were able to obtain yields in 
excess of 10mg/L. 
 
 
Combinatorial Biosynthesis  
 
 Identification of an evolutionary switch residue that converts some class I synthase 
products from primary metabolites to secondary metabolites allowed the generation of a 
mutant enzyme capable of producing three products, instead of one [11].  As the three 
products of the mutant rice KSL5j T664I are ent-kaurene, ent-isokaurene, and ent-atiserene, 
all tetracyclic diterpenes, we hypothesized that sAtKOm may be able to oxidize, to any 
extent, all of the products.  Simple incorporation of these two genes into our system, 
followed by product determination and comparison with authentic standards demonstrated 
the ability of sAtKOm to convert all of these diterpenes to their corresponding C19 acids 
(figure 3).  The biofermentation extraction yielded six products, three of the diterpenes and 
three of the corresponding acids, as determined by comparison with authentic standards.  
What is interesting in this case is the production of all acid, as no aldehyde or alcohol was 
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detected.  It is not uncommon to find both kaurenol and kaurenal, as well as kaurenoic acid, 
present in biofermentations involving sAtKOm included with kaurene synthase.           
  
 
Discussion 
 While we had previously demonstrated that our facile, modular metabolic engineering 
system could be expanded to produce hundreds of milligram of diterpene per liter, we had 
not fully tested the full extent of modularity and versatility of the system.  With respect to 
these two factors, this system is readily amenable to diterpenoid production, enabling for a 
combinatorial approach to diterpenoid production as well as pathway elucidation and 
biochemical investigations.  The practicality of this tool has immediate implications for 
structure activity relationship studies of diterpenoid biosynthetic P450s.  While in vitro 
assays are tremendously challenging with some CYPs, particularly among plants which may 
have codon usage issues and membrane targeting/insertion motifs that would pose serious 
problems for E. coli expression, our facile system could be set up to allow for medium-
throughput screening of biochemical activity.  Additionally, as plants contain more P450s 
than other organisms and with emerging genomic sequence information, there is a real need 
for methodology to identify the activity of these plant P450s.  Thus, this system is readily 
available to functionally identify those enzymes that are involved in the initial oxidations of 
terpenes.      
 The unique feature of this system, however, is it’s potential for combinatorial 
biosynthesis.   While previous work on P450 incorporation in metabolic engineering systems 
has been limited, it also focused primarily on single pathway determination, with the focus 
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being on a single product.  Combinatorial biosynthetic approaches have focuse  Our system 
can take advantage of the established plasticity of the class I synthases and P450s [11, 12].  
Therefore, as in the case observed here with sAtKOm and KSL5j T664I, two genes can 
account for more than two products being produced in biofermentation.  The system 
described here is combinatorial on two different levels from a biosynthetic perspective.  In 
one respect, we are able to produce multiple products from relatively few modules; rather 
than a one-to-one gene to product ratio, we are able to make an exponential number of 
compounds (ie, 3 to 10 products from two genes/modules).  Additionally, this system also 
has an added feature of combinatorial biosynthesis in that it is able to easily combine genes 
from different organisms or novel mutant genes to create novel non-natural product 
derivatives.  Future directions of this system allow for a scenario whereby a biochemical 
equivalent of “one-pot” chemical synthesis can occur.  As the modularity of this system is 
fully maximized, it is possible to incorporate additional P450 or class I enzymes, essentially 
allowing for a biosynthetic grid of reactivity to be set up.  This would have practical utility in 
the field of small molecule generation [13].  As many therapeutic compounds have their 
origins in natural products, this approach has implications for being a powerful tool for either 
novel or natural product biosynthesis.       
 
 
 
 
Materials and Methods                         
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Media Recipes and Cell Strains Used 
All media recipes were made at pH 7 and autoclaved with the appropriate starting 
ingredients.  FL media for 1 L was comprised of 10gr yeast extract, 20 gr casein hydrolysate, 
5 gr NaCL, 1 gr MgSO4, 20 mL glycerol, and phosphate buffer.  Addition of glycerol and 
phosphate buffer was added at the time of induction.  Previous work has established that the 
OverExpress C41 strain of E. coli (Lucigen, Middleton, WI) is well suited to T7 promoter 
based expression of plant derived labdane-related diterpene synthases.4 Thus, all work in this 
study has been carried out with the use of this C41 strain. Chemically competent C41 cells 
(10 µL) were typically co-transformed with 1 µL of each plasmid and grown with dual 
antibiotic (34 µg/mL chloramphenicol and 50 µg/mL carbenicillin) selection on NZY media.  
Base strains housing the two vectors of pMBI and pGGxC were made chemically competent 
and used for transformations of the class I and p450 housing vectors.  Expression of the 
encoded genes was induced by the addition of IPTG. 
 
 
 
 
Vector Construction 
pGGeC 
The pseduo-mature ent-copalyl diphosphate synthase rAtCPS4 was similarly inserted 
into MCS1 from pACYCDuet in pGG (i.e. using sticky-end PCR to create a 5' CAT 
overhang and 3'NotI site for digestion and ligation into NcoI/NotI digested pGG) to create 
pGGeC. The inserted rAtCPS was also verified by complete sequencing. 
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pGGsC 
Three different pseduo-mature constructs, missing 70, 82, or 86 amino acid (aa) 
residues, of the syn-copalyl diphosphate synthase OsCPS45 were created (∆70, ∆82, and 
∆86, respectively). Preliminary analysis suggested that OsCPS4∆70, which parallels rAtCPS 
in being truncated 32 aa residues upstream of a conserved SAYDT motif, exhibited the 
optimal combination of expression level and biochemical activity. Both NcoI sites (at 
nucleotides 903 and 1205) of OsCPS4∆70 (rOsCPS4) were removed by synonymous site-
directed mutagenesis using PCR amplification with overlapping mutagenic primers. The 
resulting rOsCPS4(-NcoI) construct was verified by complete sequencing, then PCR 
amplified with primers that introduced a 5' NcoI site S2 overlapping with the initiating ATG 
codon and a 3' NotI site immediately after the stop codon.  This PCR product, along with 
pGG, was digested with NcoI and then NotI, and the resulting large fragments gel purified 
and then ligated together to create pGGsC. The inserted rOsCPS4 was verified by complete 
sequencing. 
 
pGGnC 
Both NcoI sites of rAgAS (at nucleotides 972 and 1630) were removed by 
synonymous sitedirected mutagenesis using PCR amplification with overlapping mutagenic 
primers. The resulting rAgAS(-NcoI) construct was verified by complete sequencing and the 
D621A mutant6 (re)created by overlapping PCR site-directed mutagenesis. This 
rAgAS:D621A construct was PCR amplified with primers that introduced a 5' NcoI site 
overlapping with the initiating ATG codon and a 3' BamHI site immediately after the stop 
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codon. This PCR product, along with pGG, was digested with NcoI and then BamHI, and the 
resulting large fragments gel purified and then ligated together to create pGGnC. The 
inserted rAgAS:D621A was verified by complete sequencing. 
 
DEST containing vectors 
Construction of DEST containing cassettes was performed according to standard 
protocols (Invitrogen).  Restriction sites of NcoI and NotI were used to ligate the cassette 
containing chloramphenicol, ccdB, attR1, and attR2 into the MCS II of pCDFDuet, pETDuet, 
and pACYCDuet.     
 
DuetDEST/OsR1(AtR1) vectors 
The afformentioned DEST vectors were then used for OsR1 (NADPH cytochrome 
P450 reductase from rice) or AtR1 (Arabidopsis) insertion.  Briefly, restrictions sites of NdeI 
and XhoI in the MCS2 cloning site were chosen.  Standard PCR, followed by restriction 
enzyme digest and ligation were used to make these base vectors.  Sequencing verified the 
presence of the inserted reductase genes.  Upon completion of these vectors, gene 
combinations were inserted into the DEST cassette using standard ligation-free Gateway 
techonology (Invitrogen), we used class I synthases and the modified version of KO for 
insertion.   
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Biofermentation conditions 
For all combinations listed, negative controls lacking resistance to one marker used 
confirmed the ability of the lower antibiotic concentrations to fully inhibit growth.  
Expression growths were initiated from several plated colonies inoculated together into 
media.  For all shake flasks growth, FL media was used, initial growth to log phase was 
performed at 37 degrees Celsius, followed by expression at 16 degrees Celsius upon and 
absorbance at 600nm of 0.6.  Shaking was held at 200 rpm and 1mM IPTG was used for 
induction after 1 hr temperature adjustment to 16 degrees Celsius.  Additionally, pH 
adjustment to 7.0 and addition of phosphate buffer and glycerol where performed following 
growth to an O.D. of 0.6 as it was found that glycerol would increase growth time to log 
phase.  Baffled flasks were tested under the same conditions as regular Erlenmeyer flasks. 
 
Product Analysis 
Diterpenoid analysis consisted of hexane extraction followed by verification and 
quantification by GC-FID and GC-MS analysis as describe previously [15].   In the case of 
acid production of a diterpene by a P450, two methods of analysis were used to determine the 
mass spectra as carboxylic acids would be too polar for GC-MS analysis.  In one approach, 
incubation of extracted products with diazomethane generated from base treatment of 
diaazald converted the acids to the a methyl ester.  Additionally, trimethyl silylation was also 
used with N,O-Bis(trimethylsilyl)trifluoroacetamide.  (N-Bis, Sigma).  Both approaches were 
sufficient.  Retention time and spectra were compared with authentic standards kaurenoic 
acid treated in a similar manner as product for GC-MS analysis.    
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Figures 
 
Figure 1:   Alignment of truncations and modifications made to AtKO.  The bh designated 
truncations utilized the first seven amino acids of the bovine 17α hydroxylase, while the x 
designation is a deletion and modification based on alignment with mammalian CYPs whose 
structure has been determined.  It was found that the last modification, AtKOm, was best for 
our expression system.     
 
 
  AtKOfl       MAFFSMISILLGFVISSFIFIFFFKKLLSFSRKNMSEVSTLPSVPVVPGFPVIGNLLQLK 60 
  AtKObh       MALLLAVPILLGFVISSFIFIFFFKKLLSFSRKNMSEVSTLPSVPVVPGFPVIGNLLQLK 60 
  AtKOd8bh              MALLAVPSFIFIFFFKKLLSFSRKNMSEVSTLPSVPVVPGFPVIGNLLQLK 51 
  AtKOd24bh                    MALLLAVPKKLLSFSRKNMSEVSTLPSVPVVPGFPVIGNLLQLK 44 
  AtKOd33x                             MAYGTHSHKNMSEVSTLPSVPVVPGFPVIGNLLQLK 36 
    AtKOm                                      MAKKTSSKGKLPPGPTP--FPVIGNLLQLK 28 
 
 
 
 
 
 
Table 1:  table of vectors used in this study 
 
 
Vector                   Marker          Genes/Insert/Base      Copy Number  Replicon        Origin 
 
pMBI                       tet           ERG12, ERG8, MVD1           low            pBBR1           [2] 
 
pGGnC                   chlor        GGPPS, rAgAS D521A          low            P15A                  [15] 
 
pGGeC                   chlor           GGPPS, ent CPS                 low            P15A                  [15]  
 
pKSL(classI)          amp       class I synthase, pDEST14                        pBR322             this thesis 
 
pCDFDuetDEST   spec         ligation-free LR cassette       low/med     CloDF13           this thesis                                                                      
 
pETDuetDEST       amp       pETDuet, DEST cassette           med          ColE1               this thesis 
 
pACYCDuetDEST chlor  pACYCDuet, DEST cassette         low            P15A               this thesis 
 
pCDFDuetDEST/R1 spec          AtR1, DEST cassette         low/med       P15A             this thesis 
 
pCDF sAtKOes/R1  spec       sAtKOes,  AtR1                    low/med        P15A              this thesis 
 
pDEST14sAtKOes   carb                 sAtKOes                                          pBR322           this thesis 
 
pCDFDuet KS(L)/R1  spec   class I synthase, AtR1             low/med       P15A             this thesis              
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Layout 1:  Plasmid modules used for KO expression and production of kaurenoic acid in E. 
coli. 
 
 
MODULE                                                                   CONVERSION________________ 
 
pMBI:    MVD, MVK,                           mevalonalactone  IPP/DMAPP 
 
pGGeC:  GGPPS, AtCPSd84            3IPP + DMAPP  GGPP, GGPP  ent CPP 
 
pDEST14: AtKSd41                                                  entCPP  kaurene 
 
pCDFDuetDEST sAtKOm/AtR1                       kaurene kaurenoic acid        
 
 
 
Structures of Pathway Intermediates: 
 
 
 
 
 
          IPP                           DMAPP                                                      GGPP 
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Figure 2:  GC-MS data following extraction and treatment with diazomethane.  Production of 
kaurenoate, kaurenal, and kaurenol from metabolic engineering incorporating sAtKOm.     
 
 
                            
 
 
            kaurene                              kaurenal MeKA             kaurenol 
 
 
 
mass spectra for kaurene                                    mass spectra for kaurenal 
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mass spectra for methyl kaurenoate                      mass spectra for kaurenol 
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Figure 3:  combinatorial biosynthesis products using a dual combination of sAtKOm and  
 
OsKSL5j: I664T mutant, which makes the three diterpenes of kaurene, isokaurene, and 
atiserene.  Production of kaurenoic acid, isokaurenoic acid, and atiserenoic acid were verified 
by comparison with authentic standards following methylation.  The mass spectra shown 
here is of methyl kaurenoate generated from kaurenoic acid by diazomethane.  kaurene (A), 
isokaurene (B), kaurenal (C), methylatiserenoate (D), methylkaurenoate (E), 
methylisokaurenoate (F)    
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Postscript 
 It was very rewarding to finally obtain a means to investigate some of the activities of 
P450s.  One of the most immediate tasks was to begin functionally identifying some of the 
CYPs that may be involved in diterpenoid biosynthesis as well as screen mutants of kaurene 
oxidase or test it’s substrate specificity to try and determine some of the molecular 
determinants of it’s catalysis.  Discoveries in this area could have an impact on evolutionary 
understanding of these enzymes as well as attempts to tap their chemical capacity to catalyze 
the oxidation of a variety of diterpenes to generate novel small molecules, with some perhaps 
exhibiting biological activity that could be a benefit to areas of agriculture and health.     
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Chapter VIII 
 
CYP76M7 is an ent-cassadiene C11α-hydroxylase defining a second multifunctional 
diterpenoid biosynthetic gene cluster in rice 
  
 
Preface 
 Functional identification of cytochrome P450s is a significant challenge.  Many 
challenges ranging from enzyme isolation, availability of substrate, product identification, 
and definitive assignment of biochemical activity present a significant challenge to 
performing the necessary biochemistry for clear assignment.  Frustration from encountering 
these obstacles prompted me to consider the possibility of using a metabolic engineering 
approach for CYP assignment.  One advantage that biosynthetic P450s may have is there is 
their substrate specificity.  While xenobiotic metabolizing CYPs, for example, exhibit broad 
substrate specificity, we had hypothesized that those P450s predicted to be involved in 
diterpenoid biosynthesis would most likely exhibit a higher degree of substrate specificity 
should there be selective pressure to discriminate between products.  Accordingly, we turned 
to a metabolic engineering in vivo approach to look at P450 biochemical activity.  This 
approach presented a rather elegant means to begin answering questions as to what the 
enzymatic activity of diterpenoid biosynthetic P450s may be.      
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Abstract 
 Rice has previously been shown to carry a diterpenoid biosynthetic gene cluster 
containing both terpene synthases/cyclases and cytochrome P450 monooxygenases on 
chromosome 4. Here we characterize the biochemical function of a rice cytochrome P450 
monooxygenase, CYP76M7, which seems to act in production of the antifungal 
phytocassanes, and defines a second diterpenoid biosynthetic gene cluster on rice 
chromosome 2. Notably, this cluster is involved in the production of two distinct sets of 
phytoalexins, the antifungal phytocassanes and antibacterial oryzalides/oryzadiones, with the 
corresponding genes exhibiting differing transcriptional regulation. The lack of a 
recognizable co-regulatory localization pattern within this cluster suggests that co-regulation 
was not a primary driving force in its assembly. By contrast, all of the co-clustered genes are 
dedicated to phytoalexin (i.e., specialized) metabolism. We hypothesize that it is this 
dedication to specialized metabolism that led to assembly of the corresponding biosynthetic 
gene cluster. In particular, the lack of any role in primary metabolism requires co-inheritance 
of all the enzymatic genes necessary for production of a bioactive compound for there to be 
selective pressure for retention of any of these genes. This provides an evolutionary driving 
force for clustering of the relevant biosynthetic genes to facilitate such co-inheritance.  
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Introduction 
 Rice (Oryza sativa) produces a complex mixture of antibiotic diterpenoid natural 
products in response to fungal infection (e.g., by the blast pathogen Magnaporthe grisea), as 
well as a separate set in response to bacterial infection (e.g., by the leaf blight pathogen 
Xanthomonas campestris) (Peters, 2006; Toyomasu, 2008). These phytoalexins all fall into 
the labdane-related diterpenoid sub-family, the founding members of which are the 
gibberellin (GA) phytohormones. Biosynthesis of these natural products is characteristically 
initiated by sequential cyclization reactions catalyzed by mechanistically distinct, yet 
phylogenetically related diterpene synthases (Peters, 2006; Toyomasu, 2008). First, 
cyclization of the acyclic universal diterpenoid precursor [E,E,E]-geranylgeranyl diphosphate 
(GGPP) by class II diterpene cyclases, typically a labdadienyl/copalyl diphosphate (CPP) 
synthase (CPS). Second, this bicyclic intermediate is generally further cyclized by 
stereospecific class I diterpene synthases sometimes termed kaurene synthase-like (KSL) 
because of their similarity to the corresponding enzyme in GA biosynthesis. Oxygen is then 
typically inserted into the resulting diterpene olefin by heme-thiolate cytochromes P450 
(CYP) monooxygenases en route to production of the bioactive natural product. While the 
disparate CYP are all presumed to be, at least distantly, related to each other, they have been 
divided into numbered families and lettered sub-families that share clear homology (≥40% 
and >55% amino acid sequence identity, respectively), with the subsequent number 
designating individual P450s (Werck-Reichhart and Feyereisen, 2000).  
 Given the importance of rice as a staple food crop and, with a known genome sequence 
(Project, 2005), its status as a model cereal plant, there has been extensive investigation of 
GA and other labdane-related diterpenoid metabolism in rice (Peters, 2006). Although rice 
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contains four CPS and eleven KS(L), mutational analysis demonstrated that only one of each 
(OsCPS1 and OsKS1) are involved in GA biosynthesis (Sakamoto et al., 2004). Biochemical 
characterization of the remaining OsCPS and OsKSL (Cho et al., 2004; Nemoto et al., 2004; 
Otomo et al., 2004b; Otomo et al., 2004a; Prisic et al., 2004; Wilderman et al., 2004; Xu et 
al., 2004; Kanno et al., 2006; Morrone et al., 2006; Xu et al., 2007b), has assigned a unique 
metabolic function to each (Figure 1). By contrast, while P450 monooxygenases have been 
implicated (Kato et al., 1995; Shimura et al., 2007), little is known regarding which of the 
>350 known rice CYP are required and/or what are their exact roles in diterpenoid 
phytoalexin biosynthesis (Peters, 2006).  
 Intriguingly, the rice genome contains two gene clusters with OsCPS, OsKSL, and CYP 
(Sakamoto et al., 2004). The smaller gene cluster on chromosome 4 is involved in producing 
momilactones, and contains the relevant, consecutively acting syn-CPP synthase (OsCPS4) 
and syn-pimaradiene synthase (OsKSL4) (Wilderman et al., 2004). In addition, this cluster 
contains a dehydrogenase that catalyzes the final step in production of momilactone A 
(OsMAS) and two closely related P450s (CYP99A2&3), one or both of which are required in 
an undefined role(s) for momilactone biosynthesis (Shimura et al., 2007). The larger cluster 
on chromosome 2 contains the phytoalexin specific ent-CPP synthase OsCPS2, three ent-
CPP specific KSL (OsKSL5-7), and several P450s from the CYP71&76 families. Although 
microarray transcriptional analysis has demonstrated that some of the co-clustered CYP are 
co-regulated with OsCPS2 and OsKSL7 (Okada et al., 2007), and members of the 
CYP71&76 families in other plant species function in terpenoid metabolism (Lupien et al., 
1999; Collu et al., 2001; Ralston et al., 2001), a role for any of these monooxygenases in rice 
diterpenoid phytoalexin biosynthesis has remained conjectural. Here we report that one of 
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these co-clustered and co-regulated P450s, CYP76M7, is an ent-cassadiene specific C11α-
hydroxylase that seems to catalyze an early step in phytocassane biosynthesis and, thus, 
defines a second multifunctional diterpenoid biosynthetic gene cluster.  
 
Results 
Extension of the chromosome 4 diterpenoid biosynthetic gene cluster 
 It was originally suggested that the putative diterpenoid biosynthetic gene cluster on 
chromosome 2 contained four P450s (Sakamoto et al., 2004), which we found correspond to 
CYP71Z6&7 and CYP76M6&7. Previous microarray/transcriptional analysis suggested that 
some of these CYP also are co-regulated with OsCPS2 and OsKSL7, with their transcription 
being induced ~4 hours after elicitation of rice cell cultures with the fungal cell wall 
component chitin (Okada et al., 2007). Several other CYP exhibit an analogous 
transcriptional induction pattern, and we found that two of these co-regulated CYP 
(CYP76M5&8) are immediately adjacent to the previously reported chromosome 2 
diterpenoid biosynthetic gene cluster, meriting their inclusion. The resulting cluster contains 
10 genes and spans ~245 kb on chromosome 2, comparable to the 5 gene, ~170 kb cluster on 
chromosome 4 (Figure 2). Notably, previous results have demonstrated that the transcription 
of some genes in the chromosome 2 cluster are not elicited by chitin, nor are the co-regulated 
genes grouped together.  
 
CYP76M7 hydroxylates ent-cassadiene 
 Given the co-clustering and co-regulation of four CYP (CYP71Z7 and CYP76M5,7,&8) 
with OsCPS2 and OsKSL7, which are known to act in phytocassane biosynthesis, we 
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hypothesized that these monooxygenases would similarly play a role in production of this 
group of antifungal phytoalexins. Genes for all four of these CYP were obtained from the 
rice full-length cDNA sequencing project at KOME (Kikuchi et al., 2003). These were then 
expressed in the yeast (Saccharomyces cerevisiae) strain WAT11, in which the endogenous 
NADPH-cytochrome P450 reductase (CPR) has been replaced by one from Arabidopsis 
thaliana (Urban et al., 1997). However, no P450 expression was detected. To further assess 
the role of these CYP we attempted expression in insect cells (Spodoptera frugiperda), which 
has proven to be a successful alternative with other plant CYP (Jennewein et al., 2001). 
Using an insect cell (Sf21)-baculovirus (Autographa californica) expression system we 
found that CYP76M7, although not the other three CYP, does react with ent-cassadiene (MW 
= 272 Da) fed to either microsomes or intact cells, with the resulting product appearing to be 
hydroxylated on the basis of its molecular weight (288 Da). However, turnover was relatively 
limited, and it was not possible to obtain sufficient amounts of the hydroxylated product for 
structural analysis.  
 
Identification of hydroxylated product as 11α-hydroxy-ent-cassadiene 
 To obtain larger amounts of product, we turned to our previously developed modular 
metabolic engineering system (Cyr et al., 2007), and attempted to co-express CYP76M7 and 
a rice CPR along with GGPP, ent-CPP, and ent-cassadiene synthases in E. coli. However, 
while ent-cassadiene was produced in significant quantities, no hydroxylated derivatives 
were detected with the full length CYP76M7 in this context. Based on our experience with 
the kaurene oxidase CYP701A3 (D.M. & R.J.P.; unpublished results), we modified the N-
terminus of CYP76M7 for functional bacterial expression. Specifically, replacement of the 
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first 33 amino acids (aa) with a 10 aa lysine-rich sequence based on the modification leading 
to successful bacterial expression of the CYP2B sub-family of mammalian P450s (Scott et 
al., 2001). With this modified CYP76M7 we were able to detect significant hydroxylation 
(>50% conversion) of ent-cassadiene (Figure 3), resulting in the same product observed with 
the unmodified P450 expressed in insect cells. Accordingly, it was possible to produce and 
purify sufficient amounts of the hydroxylated ent-cassadiene for structural characterization 
by NMR. This analysis demonstrated that CYP76M7 carries out C11α-hydroxylation of ent-
cassadiene (forming 11-(S)-hydroxy-ent-cassa-12,15-diene). In addition, co-expression of the 
modified CYP76M7 with other diterpene synthases demonstrated that this P450 is specific 
for ent-cassadiene, with only trace hydroxylation (<1% conversion) observed of ent-
pimaradiene, ent-sandaracopimaradiene, ent-kaurene, ent-isokaurene, syn-pimaradiene, syn-
stemarene, or syn-stemodene.  
 
Discussion 
 Given the presence of a C11-keto group in all the identified phytocassanes from rice, 
CYP76M7 presumably catalyzes an early hydroxylation step in phytocassane biosynthesis 
(Figure 4). This extends the functionality of the diterpenoid biosynthetic gene cluster on 
chromosome 2 to include CYP along with the consecutively acting OsCPS2 and OsKSL5-7. 
However, while the chromosome 4 cluster appears to be dedicated to momilactone 
production, that on chromosome 2 is involved in the biosynthesis of at least two distinct sets 
of phytoalexins.  
 In particular, the KSL found in the chromosome 4 diterpenoid biosynthetic gene cluster 
have distinct roles in microbial defense. OsKSL7 produces the ent-cassadiene precursor to 
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the antifungal phytocassanes (Cho et al., 2004), while OsKSL6 produces the ent-isokaurene 
precursor to the antibacterial oryzalides/oryzadiones (Toyomasu, 2008), and OsKSL5 seems 
to represent a recent duplication of OsKSL6 that has diverged to produce ent-pimaradiene, 
albeit this diterpene is of unknown function (Kanno et al., 2006; Xu et al., 2007b; Xu et al., 
2007a). The previously reported difference in transcriptional regulation of these KSL also is 
consistent with such distinct roles in phytoalexin biosynthesis. Such metabolic 
multifunctionality is unprecedented in the previously identified biosynthetic gene clusters 
from plants, and offers a unique opportunity to further examine what drives the assembly and 
maintenance of such gene clusters in plants.  
 It has been suggested that biosynthetic gene clusters are assembled and maintained by the 
need for co-inheritance of all the enzymatic genes necessary for production of a bioactive 
natural product and/or co-regulation of their expression (Qi et al., 2004). Notably, the genes 
in the rice chromosome 4 diterpenoid biosynthetic cluster are not all co-regulated, nor are the 
co-regulated genes grouped together (Figure 2). Therefore, co-inheritance appears to have 
been the driving force in assembly of this biosynthetic gene cluster. Specifically, because the 
relevant (i.e., bioactive) diterpenoid natural products are separated from primary metabolism 
by multiple biosynthetic/ enzymatic steps, the corresponding genes must be inherited 
together to provide positive selection pressure for their retention.  
 Consistent with this interpretation, all of the genes in the rice chromosome 4 diterpenoid 
biosynthetic gene cluster appear to be dedicated to phytoalexin production, and do not 
function in primary metabolism (i.e., are required for normal growth or development). While 
the associated OsCPS2 does produce the enantiomeric form of CPP that could be an 
intermediate in GA phytohormone biosynthesis, knocking-out OsCPS1 is sufficient to 
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essentially abolish GA production (Sakamoto et al., 2004). This rules out a role for OsCPS2, 
whose gene transcription regulatory pattern strongly indicates a role in phytoalexin 
biosynthesis instead (Otomo et al., 2004a; Prisic et al., 2004). In addition, none of the 
associated KSL produce the ent-kaur-16-ene intermediate required for GA biosynthesis, and 
at least two of the three produce precursors to known phytoalexins (Figure 1). Finally, no 
characterized member of the CYP71&76 families has been reported to be involved in 
primary metabolism.  
 We hypothesize that such dedication to specialized metabolism may be a key driver for 
biosynthetic gene cluster assembly in plants. In particular, the lack of any role in primary 
metabolism, as this would make the conservation of such a gene entirely dependent on its 
role in specialized defense, which can only be realized in the context of the full biosynthetic 
pathway. In particular, the lack of any role in primary metabolism requires co-inheritance of 
all the enzymatic genes necessary for production of a bioactive compound for there to be 
selective pressure for retention of any of these genes. This provides an evolutionary driving 
force for clustering of the relevant biosynthetic genes to facilitate such co-inheritance.  
 
Materials and Methods 
General procedures 
 Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Sequence analyses were done with the Vector NTI software package 
(Invitrogen). Gene mapping was based on the annotated rice genome sequence at GenBank. 
CYP nomenclature was determined via BLAST searches at the Cytochrome P450 Homepage 
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maintained by Dr. David Nelson (http://drnelson.utmem.edu/CytochromeP450.html). Gas 
chromatography (GC) was performed with a Varian (Palo Alto, CA) 3900 GC with Saturn 
2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode. Samples (1 µL) 
were injected in splitless mode at 50°C and, after holding for 3 min. at 50°C, the oven 
temperature was raised at a rate of 14°C/min. to 300°C, where it was held for an additional 3 
min. MS data from 90 to 600 m/z were collected starting 12 min. after injection until the end 
of the run.  
 
Recombinant constructs  
 Genes for the four CYP that are co-clustered and co-regulated with OsCPS2 and OsKSL7 
(CYP71Z7 and CYP76M5,7,&8) were obtained from the KOME rice cDNA databank 
(Kikuchi et al., 2003). These were transferred into the Gateway vector system via PCR 
amplification, with incorporation of a consensus Kozak sequence and 6xHis tag at the 5' end, 
directional topoisomerase mediated insertion into pENTR/SD/D-TOPO, and verified by 
complete sequencing. The resulting genes were then transferred via directional 
recombination to the yeast expression vector pYES-DEST52, the insect cell expression 
vector pDEST8, and the T7-promoter expression vector pDEST14. CYP76M7 was modified 
for functional bacterial expression in a two-stage PCR process, first removing 33 codons 
from the 5' end of the open reading frame and then adding ten new codons (encoding the 
amino acid sequence “MAKKTSSKGK”). The resulting construct was inserted into 
pENTR/SD/D-TOPO and verified by complete sequencing. For bacterial co-expression of 
the requisite redox partner, we cloned a rice CPR (OsCPR1), also obtained from KOME, into 
the pCDFDuet dual expression vector (Novagen, San Diego, CA). Specifically, into the 
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second multiple cloning site using the NdeI and KpnI restriction sites. For insertion of the 
various CYP, a DEST cassette was then inserted into the first multiple cloning site using the 
NcoI and NotI restriction sites, to enable transfer via directional recombination with Gateway 
pENTR derived constructs.  
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Recombinant expression in yeast 
 Yeast CYP expression was performed following the manufacturer’s directions for 
pYES-DEST52. Briefly, the pYES-DEST52 CYP constructs were transformed into the 
WAT11 strain of yeast (Urban et al., 1997), with selection on SC-Ura media. For expression 
overnight cultures were inoculated (1:20) into SC-Ura with 2% (wt/vol) galactose, with cells 
being harvested at various time points from 0 to 24 hours after inoculation. To examine CYP 
expression, cell extracts were run on 12% SDS polyacrylamide gels and the separated 
proteins transferred to Hybond-P PVDF membrane (Amersham Biosciences) for western blot 
analysis using standard procedures (Harlow and Lane, 1988). Dilutions of 1:1,500 and 
1:2,000 were used for the primary rabbit anti-His antiserum and secondary goat anti-rabbit 
Ig-peroxidase conjugate (Sigma-Aldrich, St. Louis, MO), respectively. Bound antibodies 
were visualized with the ECL Plus Western Blotting Detection System (Amersham 
Biosciences). In none of the examined cases was CYP expression detected.  
 
Recombinant expression in insect cells 
 Sf21 cells (Vaughn et al., 1977) were maintained in TC-100 insect cell medium (Sigma-
Aldrich) supplemented with fetal bovine serum (FBS; Gibco-BRL) to a final concentration of 
10% and antibiotics (1 U penicillin/ml, 1 mg streptomycin/ml; Sigma-Aldrich). The cell 
cultures were maintained at 28°C as monolayers in screw-capped plastic flasks (Falcon).  
 Recombinant baculoviruses were constructed with the Bac-to-Bac Baculovirus 
Expression System (Invitrogen). Briefly, the CYP were transferred from the pDEST8 vectors 
by recombination with the bMON14272 baculovirus shuttle vector in E. coli following the 
manufacturers instructions, but using 100 µg/ml kanamycin, 14 µg/ml gentamicin, and 20 
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µg/ml tetracycline for selection, and the resulting recombinant bacmid DNA was then 
isolated and transfected into Sf21 cells. The resulting recombinant viruses were amplified 
and their titer determined in Sf21 cells using standard procedures (O'Reilly et al., 1992).  
 Expression of CYP proteins by the recombinant baculoviruses was carried out in Sf21 
insect cells (Vaughn et al., 1977; Wickham et al., 1992). The cells were seeded into 150 cm2 
cell culture flasks and infected with recombinant baculoviruses at a multiplicity of infection 
(M.O.I.) of 10 plaque-forming units (PFU)/cell. Cells were harvested 72 h post-infection 
(p.i.), with CYP expression readily detected by Western blot analyses carried out as 
described above.  
 Microsomes from the harvested cells were prepared by differential centrifugation 
essentially as per Wen et al. (2003). Briefly, cells were pelleted by centrifugation at 3000g at 
4 °C for 10 min. The pellets were resuspended in half a cell culture volume of 100 mM 
sodium phosphate buffer (pH 7.8) and repelleted at 3000g for 10 min, washed in ice cold cell 
lysate buffer (100 mM sodium phosphate pH 7.8, 1.1 mM EDTA, 0.1 mM DTT, 0.5 mM 
PMSF, 1/1000 vol/vol Sigma protease inhibitor cocktail, 20% glycerol), repelleted at 3000g 
for 10 min and resuspended in 1/50 cell culture volume of cold cell lysate buffer. The cells 
were lysed by sonification twice for 30 s on ice, and vortexing for 15 s. The lysate was 
centrifuged at 10,000g for 20 min at 4 °C in a microcentrifuge and the supernatant was 
further centrifuged in a Ti-70 rotor at 120,000g for 1 h in a Beckman-Coulter Optima 
ultracentrifuge to pellet the microsomes. The microsomal pellet was resuspended in 500 L 
cold cell lysate buffer and used immediately or flash-frozen in liquid N2 and stored at −80 °C 
for up to a month.  
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 In vitro assays were performed in a 500 µL assay mixture containing the isolated 
microsomes (500 µg), 0.4 mM NADPH, 300 µM substrate, 2 µM reductase, 1 mM DTT, 5 
µM FMN, 5 µM FAD, as well as NADPH regenerating system comprised of 2 mM glucose-
6-phosphate and 0.5 U of glucose-6-phosphate dehydrogenase. The reaction mixture was 
incubated at 28°C for 6 hours. The resultant product was extracted thrice with an equal 
volume of ethyl acetate, dried under a gentle stream of N2 gas, and dissolved in hexane for 
GC-MS analysis. 
 Whole cell assays were performed by feeding 10 µM ent-cassadiene to CYP expressing 
sf21 cells 2 days p.i. The cells were grown for 2 more days, then the media and cells 
sonicated, and diterpenoids extracted for GC-MS analysis as above.  
 
Recombinant expression in E. coli 
 For bacterial expression, we combined co-expression of OsCPR1 and CYP76M7 via 
the pCDFDuet vector construct described above, with our previously described modular 
diterpene metabolic engineering system (Cyr et al., 2007). Specifically, we co-expressed 
these with a GGPP synthase and ent-CPP synthase carried on the co-compatible pGGeC 
vector, and the ent-cassadiene synthase (OsKSL7) as a GST fusion protein expressed from 
the also co-compatible pDEST15. While expression of the full-length CYP76M7 in this 
context did not lead to production of any hydroxylated ent-cassadiene, expression with the 
modified CYP76M7 led to conversion of >50% of the endogenously produced ent-cassadiene 
to the same hydroxylated derivative observed with insect cell expressed CYP76M7 fed ent-
cassadiene. Substituting other diterpene synthases for OsKSL7 and/or the ent-CPP synthase 
[as appropriate, see (Cyr et al., 2007)] in this bacterial system did not result in significant 
 200 
conversion of the corresponding various other diterpenes, which were all produced in good 
yield, to any recognizable oxidized derivatives.  
 
Diterpenoid production 
 To make sufficient amounts of the novel enzymatic product for NMR analysis, we 
incorporated the bottom half of the mevalonate dependent isoprenoid pathway from yeast to 
increase isoprenoid precursor supply in the engineered bacteria, using the previously 
described pMBI vector and supplementation with 20 mM mevalonolactone (Martin et al., 
2003), much as previously described (Morrone et al., 2008). Diterpenoids were extracted 
from a 3 L culture (media and cells) with equal volume solution of ethyl acetate and hexanes 
(50:50). These organic extracts were pooled and dried by rotary evaporation. The residue was 
dissolved in 5 mL 45% methanol/45% acetonitrile/10% dH2O, and the diterpenoids purified 
using an Agilent 1100 series HPLC with a C18 column. After binding, the column was 
washed with 20% acetonitrile/H2O (0-5min), and eluted with 20%-100% acetonitrile (5-
15min), followed by a 100% acetonitrile wash (15-30min). The fraction containing the novel 
diterpenoid (RT: 21.5-22 min) was dried under a gentle stream of N2 gas and then dissolved 
in 0.5 mL deuterated chloroform (CDCl3; Sigma-Aldrich), with this evaporation-
resuspension process repeated two more times to completely remove the protonated 
acetonitrile solvent, resulting in a final estimated ~2.5 mg of the novel diterpenoid.  
 
Structural analysis 
 NMR spectra for both the ent-cassadiene precursor and hydroxylated product were 
recorded at 25 °C in chloroform-d1. NMR spectra were collected using a Bruker Avance 700 
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spectrometer equipped with a 5 mm HCN cryoprobe. Structural analysis was undertaken 
using 1D 1H, 1D 13C, DQF-COSY, HSQC, HMBC, ROESY (tmix = 400 ms) and HMQC-
COSY spectra acquired using standard experimental protocols. Chemical shifts were 
referenced to TMS. Chemical shifts for the ent-cassadiene substrate were assigned and found 
to be in agreement with published values (Yajima et al., 2004). Proton (700.13 MHz) 
chemical shifts and assignments for 11-(S)-hydroxy-ent-cassa-12,15-diene: δ 2.053 ppm (1H, 
d, 13.0 Hz, H1a), 1.086 (1H, t, 13.6, H1b), 1.574 (1H, d, m, H2a), 1.434 (1H, d, 13.2, H2b), 
1.396 (1H, d, 13.4, H3a), 1.141 (1H, t, 13.9,H3b), 0.782 (1H, d, 12.5, H5), 1.541 (1H, d, 
13.1, H6a), 1.336 (1H, m, H6b), 1.700 (1H, m, H7a), 1.433 (1H, dd, 4.0, 13.0, H7b), 1.919 
(1H, m, H8), 1.169 (1H, d, 14.9, H9), 4.335 (1H, 7, 4.6, H11), 5.648 (1H, s, H12), 2.441 (1H, 
m, H14), 6.203 (1H, dd, 19.8, 11.2 H15), 5.209 (1H, d, 19.7, H16a), 5.054 (1H, d, 10.7, 
H16b), 0.893 (3H, d, 7, H17), 0.870 (3H, s, H18 or H19), 0.854 (3H, s, H18 or H19), 1.118 
(3H, s, H20). Carbon (174.05 MHz) chemical shifts and assignments for 11-(S)-hydroxy-ent-
cassa-12,15-diene: δ (ppm) 40.33 (C1), 18.84 (C2), 42.08 (C3), 33.34 (C4), 55.77 (C5), 
21.63 (C6), 29.87 (C7), 30.45 (C8), 49.48 (C9), 37.86 (C10), 66.13 (C11), 129.51 (C12), 
143.84 (C13), 32.41 (C14), 138.62 (C15), 113.36 (C16), 14.98 (C17), 22.67 (C18 or C19), 
34.30 (C18 or C19), 18.56 (C20). The hydroxyl group was not directly observed in the 1H 
NMR spectra. It was assigned to the C11 position on the basis of the proton multiplicity of 
C11 (one), the characteristic 13C chemical shift of C11, and comparison with the 
corresponding NMR spectra for the ent-cassadiene precursor. The stereochemical 
configuration at C11 was determined as (S) (or α) on the basis of NOE crosspeaks observed 
in a ROESY spectrum, making use of the known configurations of C9 and C20. The 
observed NOE correlations to H11 (and their relative intensities) are H1a (s), H1b (w), H9 
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(s), H12 (m), H20 (w). NOE connectivity to H8 was not observed although that spectral 
region was free from overlap. 11-(S)-hydroxy-ent-cassa-12,15-diene EIMS m/z (%): 288 
(93), 255 (17), 205 (37), 177 (39), 163 (77), 150 (70), 135 (100), 121 (45), 117 (31), 107 
(40), 95 (94), 91 (60).  
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Figures 
 
Figure 1: Functional map of rice diterpenoid biosynthesis. Indicated are the known cyclases 
and corresponding reactions, along with the downstream natural products, where known. 
Heavier arrows indicate enzymatic reactions specifically involved in GA metabolism, dashed 
arrows indicate multiple enzymatic reactions.  
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Figure 2: Schematic of rice diterpenoid biosynthetic gene cluster. Black boxes represent 
induced genes, while open boxes those not induced by chitin elicitation (Okada et al., 2007). 
Note that no other genes appear to be present in these regions.  
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Figure 3: Hydroxylation of ent-cassadiene by CYP76M7. GC-MS chromatogram of extract 
from E. coli engineered for production of ent-cassadiene and co-expressing CYP76M7 and 
OsCPR1 (1, ent-cassadiene; 2, 11α-hydroxy-ent-cassadiene).  
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Figure 4: Reaction catalyzed by CYP76M7 and it’s putative relationship to phytocassane 
biosynthesis (dashed arrow indicates multiple branching reactions leading the mixture of 
phytocassanes A–E). 
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Postscript 
 I didn’t think that I would determine a P450’s function using a metabolic engineering 
when I first started this thesis work.  I’m very pleased it worked, though.  One of the 
interesting aspects of an in vivo system is the potential for metabolome formation.  Should 
such a phenomenon occur in the cell, it may be difficult to replicate with in vitro assays.  
This is particularly intriguingly in light of previously determined cellular location studies 
using various P450s from the gibberellin pathway.  For example, it has been demonstrated 
that AtKO may likely be on the cytosolic side of the plastid membrane while AtKAO is 
transported to the ER.  Meanwhile the class I and class II cyclases are located in the plastid.  
That does not necessarily mean all these different locations are the case for CYP76 or 
subsequently acting enzymes.  Perhaps the P450s serve as a nucleation site for metabolome 
formation.   
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Chapter IX 
 
On the Mechanism of Kaurene Oxidase: a Multifunctional Cytochrome P450 which 
 
 Undergoes Three Successive Hydroxylation Reactions 
 
 
 
 
 
Preface 
 
 Initial attempts to express AtKO were very difficult.  This is presumably due to the 
known membrane location of the P450.  Some of the approaches attempted were detergent 
solubilization, N-terminal modification, different host organisms including yeast, 
autoinduction, and co-expression with chaperones.  Eventually, an N-terminal modification 
was found that conveyed some stability for in vitro assays.  After this was accomplished, 
experiments using labeled oxygen of the different reaction intermediates were conducted to 
determine the nature of the reaction. 
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Abstract 
 
 Kaurene oxidase (KO) is a multifunctional cytochrome P450 found in higher plants as 
a necessary constituent of the gibberellin phytohormone biosynthetic pathway.  This P450 
converts kaurene, a diterpene olefin, into a carboxylic acid through successive formation of 
the alcohol kaurenol, the aldehyde kaurenal, and the product, kaurenoic acid.  However, the 
mechanistic details for this conversion are incomplete.  Several different scenarios for 
oxidation are possible, including hydroxylations, dehydrogenations, and inter-conversion of 
intermediates.  In an effort to determine the nature of oxidation reactions and elucidate the 
enzymatic mechanism, we have utilized labeled oxygen, 18O2, to determine the nature of the 
reactions (hydroxylation vs. dehydrogenation) forming the intermediates and products.  It 
was found that hydroxylation reactions accounted for the formations of the intermediates of 
kaurenol, a kaurene-diol that converts to kaurenal, and kaurenoic acid.  Incorporation of 
labeled oxygen resulted in a doubly labeled acid from kaurene, singly labeled acid from 
kaurenal, and equal isotope mixture of single and double label from kaurenol.  Therefore, we 
propose that the nature of the conversion from the diol to kaurenal proceeds within the active 
site and is not stereospecific, while the hydroxylation reactions are stereospecific.         
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Introduction 
 
Cytochromes P450s are particularly abundant in plants as they are widely utilized in 
the biosynthesis of natural products.  Found across domains, these heme-thiolate enzymes are 
capable of conducting chemically challenging reactions, often inserting oxygen into 
lipophilic compounds [1].  Oxygen, which is utilized in most P450 oxido-reduction reactions, 
is supplied by molecular oxygen with the reducing equivalents being typically provided by 
the associated NADPH cytochrome P450 reductase. P450s are utilized in numerous 
biochemical reactions with the more well-characterized ones ranging from steroid 
biosynthesis, fatty acid biosynthesis, and xenobiotic metabolism.  As such, P450s have been 
found to catalyze a wide range of reactions including desaturation, epoxidation, 
dealkylations, coupling reactions, dehydrogenation, decarboxylations, ring contraction, ester 
cleavage, and methyl transfer [2].  Accordingly, P450s utilize a variety of mechanistic 
approaches, and some exhibit a wide range of substrate selection and plasticity. Briefly, the 
reaction cycle consists of substrate binding, iron reduction by an electron, oxygen binding, 
electron reduction, protonation and oxygen bond cleavage, formation of water, and oxygen 
insertion from the perferryl species [7].  It should be noted that with the many different 
reactions conducted by P450s, these steps are not ubiquitous and the details of the P450 
catalytic cycle and mechanisms are still being elucidated.     
Multifunctional P450s are capable of conducting sequential oxidation reactions, using 
more than one molecule of O2 to convert a substrate to product, and this can be manifest by 
inserting multiple hydroxyl groups or oxidations to a carboxylate for example.  The extent of 
detailed mechanistic investigations of multifunctional plant P450s is limited, particularly for 
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ones conducting oxidation reactions to a carboxylate.  One multifunctional example from 
plant secondary metabolite biosynthesis is from the cyanogenic glucoside pathway, which 
converts tyrosine into an acetaldehyde oxime with carbon dioxide generation and 
consumption of two molecules of oxygen [8].  Another is the sesquiterpenoid P450 of 5-
epiaristolochene dihydroxylase, which is multifunctional as it catalyzes the hydroxylation of 
its substrate, 5-epiaristolochene, at two different cyclic carbon locations in a sequential order 
[13].  Additionally, a number of P450s from the phenylpropanoid pathway have been 
investigated, with many typically conducting single oxidation reactions; flavonoid 3’,5’-
hydroxylase in anthocyanin biosynthesis, however, is a multifunctional P450 as it catalyzes a 
di hydroxylation reaction [14].  
Within the plant gibberellin phytohormone biosynthesis pathway found in higher 
plants, kaurene oxidase (KO) is the first reacting P450 and catalyzes the conversion of the 
diterpene kaurene to kaurenoic acid.  As such, it is a multi-functional P450 able to conduct 
sequential oxidation reactions, converting an olefin to a carboxylate.  First discovered by Dr. 
Charles West in plant microsomes able to convert kaurene to the corresponding oxidized 
products, it has been fairly recently that the gene responsible for this step in the gibberellin 
pathway has been determined [3,4,5,6].  Like most P450s, kaurene oxidase is membrane 
associated, specifically being targeted to the outer face of the plastid membrane in higher 
plants [12].  While the biochemical characterization has confirmed the activity of KO, 
mechanistic details of this important P450 are not well known.  Despite being involved in a 
sterol pathway, KO differs from the more widely studied multifunctional mammalian P450s 
of steroid biosynthesis in that rather than catalyze carbon-carbon bond cleavage, it 
stereospecifically converts a methyl group into a carboxylic acid.  It also differs from the 
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previously mentioned plant multifunctional P450s as it carries out successive oxidations to a 
carboxylate, rather than di hydroxylations or oxime formation.     
In the case of KO, while it has been clearly demonstrated that the conversion of 
kaurene proceeds through kaurenol, kaurenal, and to kaurenoic acid, the nature of the 
reaction mechanism remains undetermined [3,4,5,6].  Reactions of kaurene with 
recombinantly expressed, as well as native, KO have found the presence of these oxidized 
intermediates.  Furthermore, both oxidized intermediates are capable of being converted to 
kaurenoic acid.  Given these findings, one can envision a scenario whereby the initial step is 
hydroxylation to kaurenol, followed by either hydroxylation to a hydrate (gem-diol) or 
dehydrogenation to an aldehyde each of which could equilibrate in solution.  Then, the final 
step could be either hydroxylation of the aldehyde or dehydrogenation of the hydrate to 
produce the acid (scheme 1).  However, given the catalytic variability of P450s, there is no 
reason to assume that only one, strict, reaction pathway within this mechanism is necessary 
for the production of kaurenoic acid.     
Past experiments with kaurene feed KO have revealed the presence of the reaction 
intermediates [3,4,5,6].  When these were reacted with labeled kaurenol, it was found that the 
reaction proceeds to kaurenal with stereospecific loss of a hydrogen on C19 [9].  
Furthermore, it was found that 3-α-hydroxykaurene was catalyzed by the microsomes, 
indicating some tolerance with substrate selection.  Additionally, inhibition studies of the 
microsomes indicated that kaurene, kaurenol, and kaurenal were able to the inhibit the 
reaction of the other two substrate’s conversion to kaurenoic acid, albeit with IC50 values 
typically around two orders of magnitude higher than the Km values for the substrates 
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(approximately 0.5 uM).  Finally, preliminary labeling studies with 18O2 in this system 
demonstrated incorporation of labeled oxygen into the kaurenol product [10, 11]. 
In an effort to decipher the mechanism of multifunctional kaurene oxidase, we have 
utilized labeled oxygen (18O2) with kaurene, kaurenol, and kaurenal as substrates.  Our results 
suggest that the hydrate is formed from kaurenol and the final step for kaurenoic acid 
production from kaurenal is a hydroxylation reaction.  In agreement with previous 
investigations, we have also observed some release of the intermediates, but only in our in 
vivo system, as in vitro assays proceeded to only produce kaurenoic acid.  These results are 
discussed in light of determining the mechanism of multifunctional kaurene oxidase.  As the 
mechanism of such carboxylate forming multifunctional P450s is unknown, this reveals some 
mechanistic features pertaining to these interesting catalysts.       
           
Results 
Expression of AtKO in E. coli 
 Functional expression of AtKO for in vitro labeling experiments was conducted in E. 
coli. Activity could be verified in both in vitro assays as well as in our previously described 
in vivo modular metabolic engineering system [15].  A series of truncations were made at the 
N-terminus to remove the membrane inserted leader peptide [16].  It was found that the 
truncation removing the first 50 amino acids, up to the proline rich hinge motif, and 
subsequently appended with a charged 15 amino acid leader peptide exhibited the best 
activity and stability (Figure 1).  While functional expression did result in conversion of 
kaurene to kaurenoic acid, activity was unreliable and poor.  Therefore, we used a codon 
optimized version of this modified and truncated AtKO that was more suitable for 
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heterologous recombinant expression in E. coli and this demonstrated more suitable 
expression and activity levels.  Additionally, co-expression with the chaperons proteins 
GroEL/ES increased activity levels in enzymatic assays.   
 
Synthesis of Kaurenal 
 Kaurenal was made by oxidation of kaurenol.  Kaurenol was a gift from Dr. Robert 
Coates (University of Illinois).  The oxidation of kaurenol was conducted by MnO treatment 
in organic solvent.  GC-FID and GC-MS analysis revealed the kaurenal was highly pure 
(>95%) with only small amounts of kaurenol. 
 
Oxygen Labeling of KO products 
GC-MS analysis of in vitro assays revealed the presence of oxidized products 
containing a molecular ion peak of 2N greater than unlabeled products (Figure 2, Table 1), 
whereby N is indicates the quantity of inserted oxygen atoms.  For labeled assays conducted 
with kaurene as a substrate, GC-MS analysis revealed that the methyl ester had a M/Z of 320, 
instead of 316, thus indicating the presence of 2 18O.  An appreciable amount (>10%) of 316 
or 318 M/Z ions were not detected with the labeled assays, suggesting effective evacuation 
and complete incorporation of labeled oxygen for carboxylate production from kaurene.  GC-
MS analysis of labeled assays with kaurenol as substrate revealed the presence of molecular 
ions of 50% M/Z 318 and 50% M/Z 320, suggesting half of the carboxylate contains 2 18O 
and half of the corboxylate contains 1 18O.  Appreciable amounts of M/Z 316 were not 
detected.  For the assays run with kaurenal, GC-MS analysis revealed the presence of 100% 
M/Z 318, with no appreciable amounts of M/Z 316 or M/Z 320.  This suggests the 
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conversion of kaurenal in the reaction scheme proceeds by hydroxylation to the carboxylic 
acid.  Negative controls of E. coli expressing a related P450 family member from rice failed 
to convert kaurene to kaurenoic acid, suggesting endogenous enzymes are not responsible for 
kaurene to kaurenoic acid conversion.  Internal controls with beyerene, which is 
hydroxylated to beyerenol by AtKO, indicate oxygen incorporation over 90%, and indication 
of a predominantly 18O2 environment.                 
 
Discussion 
 P450s present some of the most interesting catalysts known.  Their breadth of 
reactivity, plasticity, and multifunctionality has been the subject of intense investigation.  
Nevertheless, complete mechanistic details for some reactions are lacking.  Investigations of 
the nature regarding typical hydroxylation or dehydrogenation are still being explored.  The 
mechanism of kaurene oxidase has only been partially determined.  Consistent with its 
designation as a cytochrome P450, it has been found that the first step proceeds by an 
oxidation of the kaurene olefin to kaurenol by incorporation of oxygen from O2, as opposed 
to coming from solvent [17].  Furthermore, the stereospecific nature of the conversion of 
kaurene to kaurenal has also been determined, with specific retention of one of the C19 
hydrogens [9].   However, a complete mechanistic model for KO has not been investigated.   
 The experimental evidence provided here suggests that with KO there is retention of 
intermediates, gem-diol formation, diol/aldehyde conversion, and the final step is a 
hydroxylation of the aldehyde rather than dehydrogenation of the gem-diol.  As production of 
doubly labeled kaurenoic acid from unlabeled kaurenol must be the product of two 
hydroxylation reactions, this suggests formation of a gem-diol by a hydroxylation, followed 
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by conversion of the hydrate by, presumably, a water exchange to an aldehyde, and 
subsequent hydroxylation to produce the acid.  Additionally, the conversion of aldehyde to 
carboxylate was found to proceed by incorporation of one atom of 18O2, which would arise 
from a hydroxylation.  This last step is unambiguous as it was found to proceed with nearly 
complete incorporation of labeled oxygen to produce methyl kaurenoate with a M/Z of 318, 
instead of the unlabeled 316.  Kaurene was found to proceed with full production of doubly 
labeled methyl kaurenoate, indicating the two oxygens are derived from dissolved oxygen 
gas, rather than solvent, and give rise to a 320 M/Z molecular ion peak.   It is important to 
note that should the aldehyde or gem-diol intermediate be released, it would be expected that 
the label would be rapidly washed out due to the interconversion of these two with solvent 
exchange.  Upon re-binding of the intermediate in such a scenario, labeled oxygen would 
only be incorporated by hydroxylation of the aldehyde, resulting only in a 318 M/Z 
molecular ion peak.   
It is interesting to note that the product profile from the kaurenol was a 1:1 mixture of 
318 M/Z and 320 M/Z.  There are three means by which this could arise, and still be in 
agreement with the results obtained from the conversion of the kaurene and kaurenal.  One 
approach would be to undergo a dehydrogenation reaction fifty percent of the time from 
kaurenol and form kaurenal, while the other half being the oxygenation to the gem-diol.  
With the latter reaction, stereospecific conversion of the hydrate diol to the aldehyde within 
the active site could then undergo hydroxylation to the acid.  With this approach, it would 
require stereospecific hydrate/aldehyde interconversion with retention of label and dual 
reactivity of KO with the same substrate – ie, hydroxylation and dehydrogenation occurring 
with kaurenol in a 1:1 ratio.  This approach would seem unlikely as the mechanisms of 
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hydroxylation and dehydrogenation for a P450 would be different, however multifunctional 
P450s capable of dehydrogenating an aldoxime into a nitrile with subsequent hydroxylation 
have been noted, albeit they are with nitrogenous compounds rather than alcohols and each 
reaction does not utilize the same substrate/intermediate, ie, it is sequential [2, 8]. 
A second mechanistic explanation for the product profile obtained would require 
formation of the gem-diol by hydroxylation of the alcohol followed by a 1:1 mixture of 
dehydrogenation of the diol to the acid and stereospecific conversion of the diol to the 
aldehyde followed by hydroxylation.  While this seems more plausible, it should be noted 
that conversion of an exogenously added aldehyde to carboxylic acid proceeded with full 
conversion to a carboxylate possessing a single labeled oxygen.  If this aldehyde were able to 
convert to the diol by exchange with water, for example, and then undergo dehydrogenation, 
no label would be expected from this approach, resulting in the presence of methyl 
kaurenoate with a M/Z of 316.   
A third, and most plausible scenario would be conversion of the alcohol to the gem-
diol, followed by non-stereospecific conversion within the active site to the aldehyde that 
results in oxygen loss, and hydroxylation of the aldehyde to the carboxylate.  In this scenario, 
all three reactions may have mechanistic similarities in that KO is proposed to catalyze a 
hydroxylation reaction, rather than allow dehydrogenation.  Additionally, the presence of 
water within the active site, which can result from incorporation of cleaved oxygen from O2 
in subsequent reactions, would not be unlikely, and could also be a product of 
hydrate/aldehyde conversion.  While these reactions may be similar in that they are 
hydroxylation reactions rather than dehydrogenations, it should be noted that this does not 
guarantee a similar mechanism with respect to oxygen activation and insertion [2].  
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Nevertheless, the reactions proposed for KO have been observed with other P450s.  
Formation of gem-diols have been accounted for with CYP19 (aromatase) [19], aldehyde to 
carboxylate formation by CYP2B4 [20], multifunctional conversion of alkanes to carboxylic 
acids [21], and alcohol to carbonyl oxidation [22]. 
While kaurene oxidase is able to convert an aldehyde to a carboxylic acid, it should 
be noted that this is not the only fate aldehydes can encounter in the presence of a P450.  It is 
not uncommon for aldehydes to undergo C-C bond cleavage rather than oxidation to an acid.  
Aromatase (CYP19), for example, is capable of converting androstendione to estrone, a 
reaction in which C-C bond cleavage occurs at a position α to an aldehyde [23].  
Experimental evidence suggests that specific residues within a P450 determine oxygen 
activation.  Accordingly, a T302A mutant in CYP 2B4 was shown to switch the conversion 
of an aldehyde substrate from a carboxylic acid product to an alkene product by 
deformylation.  Presumably, this occurs due to interference of the 0-0 bond cleavage thought 
to be necessary for ferryl species formation, therefore, resulting in ferric peroxy formation, 
with these different species of activated oxygen resulting in differential product outcome 
[24].  However, this manner of oxygen activation and reactivity is subject to alternative 
conclusions and explanations.  Nevertheless, alignments with AtKO demonstrate 
conservation within this region, and the conservation of this same threonine.  It is therefore 
interesting to consider the product outcome should such a mutant be made in AtKO.  One can 
envision the reaction, potentially, aborting at kaurenal, or forming a novel alkene product, 
under one of the proposed roles of this conserved threonine.   
As for the conversion of a gem-diol to aldehyde within the active site, one mechanism 
would be exchange with water, and should this be random, would account for loss of labeled 
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oxygen 50% of the time when starting with kaurenol.  An alternative proposed mechanism 
would be for hydrogen abstraction of kaurenol with subsequent non-specific/mixed oxygen 
rebound, resulting in labeled aldehyde half of the time.  While both of these results would 
lead to the product profile observed in these experiments, in the latter case we are unaware of 
any reaction accounting for such a hydrogen abstraction mechanism and producing a 1:1 
mixture of inserted vs. retained oxygen seems unlikely as the presumed transition states 
would be different for each scenario.               
Furthermore, the presence of the kaurenol and, especially, kaurenal intermediates in 
assays whereby substrate is provided at high concentrations suggest competition among the 
substrates.  In metabolic engineering studies conducted in this lab, appreciable amounts of 
intermediates can be extracted.  As large amounts of kaurene are produced in this system 
(0.5mM), and are not fully turned over, and are not excreted to the media, there is, 
presumably, a very high concentration of kaurene available.  However, assays for oxygen 
labeling were performed at 50uM concentrations, perhaps accounting for the lack of 
intermediate detection.  While a complete biochemical characterization of kaurene oxidase is 
not yet available, kaurene may exhibit a lower Km than kaurenol or kaurenal and serve as an 
inhibitor to the subsequent intermediates [17].  Nevertheless, within the gibberellin 
biosynthetic pathway, kaurene oxidase does not appear to the limiting step, but rather 
downstream enzymes in the pathway appear to have an effect [18]. 
In summary, we have found evidence that kaurene oxidase is a multifunctional P450 
catalyzing the successive oxidation of kaurene to kaurenoic acid with retention of 
intermediates, successive hydroxylation reactions, conversion to a gem-diol, and 
hydroxylation of an aldehyde.   
 222 
 
 
Materials and Methods 
Cloning and Modification of AtKO 
 Kaurene oxidase and AtR1 were PCR cloned from a cDNA library of Arabidopsis 
thaliana that was a gift from Dr. Robert Thornburg (Iowa State University).  Entry cloning 
into pENTR and sequence verification of the approximately 1500 bp open reading frame 
confirmed the identity of KO.  Expression studies conducted on KO revealed limited activity 
and poor stability.  As many P450s for heterologous recombinant expression have been 
modified at the N-terminus to remove the membrane inserted leader peptide, we conducted a 
truncation and modification series of AtKO to provide suitable expression.  Briefly, a series 
of trunctations consisting of removal of the first 8, 16, 24, 33, and 49 amino acids followed 
by re-incorporation of a leader peptide resembling either the first seven amino acids from the 
bovine 17α hydroxylase or the first 15 amino acids from a CYP2B6 structure were then 
introduced at the N-terminus.  It was found that removal of the first 49 amino acids followed 
by introduction of the CYP2B6 leader peptide containing positively charged lysine residues 
was the best construct for heterologous recombinant expression.  These truncations were 
selected based on alignments with previously over-expressed P450s and alignments with 
various P450s which have crystal structures.  Nevertheless, it was found that only the d49 
construct resulted in protein suitable for study.  Interestingly, this construct’s deletion is just 
before the proline hinge region which may serve as an anchor at the membrane interface.       
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Expression of AtKO and NADPH P450 Reductase AtR1 
 Expression of AtKO was conducted in E. coli C41 cells as well as yeast cells.  While 
the yeast cells exhibited excellent in vivo activity with feeding studies, microsomal 
preparations did not result in suitably active protein.  Furthermore, constructs were tested for 
activity using our metabolic engineering system housing plasmids pMBI, pGGeC, 
pCDFDuetDEST KS/OsR1 and pDEST14 KO.   E. coli cultures were therefore choosen as 
they exhibited better in vitro activity.  Expression plasmids (Invitrogen) of pDEST14 
sAtKOm along with the chaperone plasmid housing GroEl/ES (TaKaRa) transformed into 
C41 cells and selected with 50ug/mL carbencillin and 34 ug/mL chloramphenicol.  Colonies 
were grown in TB media at 37 degrees Celsius until mid log phase was determined with an 
Absorbance at 600nm of 0.6.  At this point, cultures were then shaken at 28 degrees for 1 
hour and induced with 1mM IPTG with subsequent addition of delta-amino levulinic acid 
(75mg/L) as a heme precursor.  In a similar fashion, AtR1 was expressed, except riboflavin 
(2mg/L) was added.   Expression cultures were grown for 40 hours.   
 Upon completion of expression, cells were harvested by centrifugation and subject to 
microsomal preparation.  Cells were resuspended in 10% culture volume of 0.1M Tris-HCL 
pH 7.2 with 20% glycerol and 0.5mM EDTA.  Lysis was conducted with equal parts (v/v) of 
a 0.2mg/mL lysozyme and stirred for 10 minutes at 4 degrees.  Spheroblasts were isolated by 
centrifugation at 5000g for 10 minutes, and subsequently resupsended in the same buffer as 
before at 5%(v/v) cell culture.  Brief sonication (3, 3sec bursts) was used to disrupt the 
spheroblasts.  In the case of AtR1, solubilization from the membrane fraction was achieved 
by drop-wise addition over 30 minutes at 4 degree with stirring of Triton X-100 to 0.1%.  
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The solubilized fraction was separated from the membrane by centrifugation at 15000g.  To 
determine that AtR1 was active, assays monitoring cytochrome C reduction by AtR1 were 
conducted whereby increasing absorbance at 550nM was monitored.  A 1mL, 1mM solution 
of cytochrome C with addition of 10uL AtR1 and 10uM FAD/FMN, was initiated by 50uM 
NADP+ coupled with 1mM glucose-6-phosphate and yeast glu-6-phosphate dehydrogenase. 
 
Synthesis of Kaurenal 
 Kaurenol was oxidized to produce kaurenal.  A simple oxidation reaction consisting 
of treatment over time with MnO in organic solvent produced nearly complete oxidation of 
the alcohol to the aldehyde.  Analysis by GC-FID and GC-MS confirmed the presence and 
purity of the aldehyde.                
 
Enzymatic Assays 
 Evacuated flasks and buffers were subjected to 18O2 saturated at high pressure to 
ensure the presence of appreciable labeled oxygen.  Balch-type stopper in serum vials were 
used to maintain anerobic conditions.  Flasks were evacuated under vacuum and flushed with 
nitrogen, then re-evacuated.  Buffers of PBS with 20% glycerol were de-oxygenated by 
stirring under vacuum and susbsequent boiling for 10 minutes under a heavy stream of 
nitrogen, with evaporative loss being accounted for by water addition prior.  Gas tight 
syringes transferred this degassed buffer to the balch-type assay vials.  Prior to conducting 
the assay, microsomal AtKO fractions were reconstituted with AtR1 fractions and addition of 
10uM NADPH, 50uM NADP, 50uM G-6-P, 1mM DTT, 10uM FAD/FMN, and 2uL G-6-P 
dehydrogenase (Roche).  Minimal volumes of this solution (1/10 dilution) were transferred to 
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evacuated flasks containing degassed bufferes.  Reactions were initiated by delivery of 
substrate through the balch-type septum.  Microsomal fractions of E. coli assayed with 
unlabeled, pure substrates were extracted with ethyl acetate after being allowed to react over 
2 hours.    
 
Product Analysis 
 Organic extracts were thoroughly extracted with ethyl acetate and blown down under 
nitrogen.  To facilitate GC-MS analysis of the carboxylic acid, treatment with diazomethane 
was used to convert acids to the corresponding methyl esters.  Diazomethane gas was 
generated by addition of 1.5mL 37% w/v KOH to 0.3gr Diazald in organic solvent and 
trapped in hexane.  This diazomethane saturated hexane was then added to organic extracts 
of product.  GC-MS analysis was conducted on a Varian instrument with an HP-1 column.     
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Scheme 1: 
Conversion of kaurene to kaurenoic acid with plausible mechanism routes.  Hydroxylations 
are characterized by the incorporation of one atom of oxygen from molecular oxygen (O2), 
while the other atom of oxygen is incorporated into water with reducing equivalents coming 
from NADPH.  Dehydrogenation reactions result in both atoms of O2 being incorporated into 
two water molecules, while two hydrogen atoms are abstracted from the substrate as well as 
coming from the NADPH reducing equivalents.     
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Labeling experiments suggest the preferred path is kaurenol to kaurene-diol, conversion to 
kaurenal, and hydroxylation to kaurenoic acid.   
Table 1:  Incorporation of 18O Into Kaurenoic Acid (KA) Product. 
 
    Substrate_____________% and # of Kaurenoic Acid 18O atoms_______KA_M/Z        
    Kaurene                                                  100%    2                                         320 
    Kaurenol                                       50%   1          50%   2                50% 318, 50% 320  
    Kaurenal                                                  100%  1                                          318 
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Figure 1: 
Sample of GC-MS chromatograms and spectra from 18O2.  Peaks shown are of methyl 
kaurenoate as verified by authentic standard for retention time and spectra.  Chromatograms 
for reactions with kaurenol, kaurene, and kaurenal are depicted (top, middle, bottom).  Peak 
selected depicts mass spectra for kaurenoic acid using kaurenol as substrate.  
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Postface 
 P450s have been called “nature’s most versatile biological catalyst” and not without 
good reason.  It is pretty remarkable the range of reactions they can catalyze, not only 
amongst themselves, but for individual family members.  The mechanism for AtKO had lay 
dormant for nearly 25 years.  Interestingly, within the plant world, this P450 has not been 
extensively studied, yet is found in all higher plants and is the target of a number of plant 
growth inhibitors.  Within our area of research of gibberellins and diterpenoids, one of the 
most interesting examples comes from the P450 acting just downstream of AtKO, AtKAO.  
It catalyzes a ring contraction and multiple oxidations to an acid.  While the substrate/product 
chemistry alone is interesting, it is the mechanism that seems most intriguing and it may 
proceed like the mimetic pinacol diol transformation.  In this case, it is interesting to 
speculate that the heme iron itself may serve as a Lewis acid following diol hydroxylation.  
This may be one of the more interesting P450 mechanisms yet as there would be three 
different hydroxylations on two different carbons.  Additionally, it would be interesting to 
test the threonine -> alanine mutant of AtKO to observe if this agrees with previous 
experimental evidence and perhaps suggests a role for the nature of the oxygen species being 
a major factor in determining aldehyde conversion.   
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Chapter X 
 
Gibberellin biosynthesis in bacteria: separate ent-copalyl diphosphate and ent-kaurene 
synthases in Bradyrhizobium japonicum 
 
 
Preface 
 Using our metabolic engineering system, we were able to quickly identify the 
biochemical function of two predicted bacterial labdane-related diterpene cyclases and 
synthases, of class I and class II types within an operon.  Additionally, as these represent the 
likely committed steps in gibberellin biosynthesis, it directs us to a functional identification 
of this operon along with hypotheses for functions of the other genes within that operon.  
This work represents the discovery of the first kaurene synthase in bacteria and highlights 
one of the uses of this system as a very simple means to identify new enzymes by eliminating 
the problems associated with assays that may be dependent upon precursors that are difficult 
to obtain and proteins that are difficult to express.  Finally, as this is the first kaurene 
synthase found in bacteria, it has some implications for pathway acquisition and evolution 
among plants, fungi, and bacteria.   
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Abstract 
 Gibberellins are ent-kaurene derived phytohormones produced by plants, fungi, and 
bacteria.  The biosynthetic pathways for gibberellin production are known in plants and 
fungi, but not bacteria.  To make gibberellins, plants typically use two diterpene synthases to 
form ent-kaurene, while fungi use only a single bifunctional diterpene synthase.  We 
demonstrate here that Bradyrhizobium japonicum encodes separate ent-copalyl diphosphate 
and ent-kaurene synthases.  These are found in an operon that includes genes for 
cytochromes P450, indicating that gibberellin biosynthesis in bacteria involves two diterpene 
synthases and P450s. The implications of these findings for the evolution of diterpene 
synthases and gibberellin biosynthesis are discussed.  
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Introduction 
Gibberellins (GAs) are diterpene-derived compounds sharing a common tetracyclic 6-
5-6-5 fused hydrocarbon ring (gibberellane) skeletal structure.  The first GA to be 
characterized was gibberellin A (GA3), which was originally isolated as the bioactive 
component of Gibberella fujikuroi that causes foolish rice seedling disease [1].  Since then, 
more than 130 additional GAs have been identified from other fungi [2] and numerous 
vascular plants [3], as well as bacteria [4], and are now simply designated by number, based 
on the order in which they were discovered [3].  Some of these gibberellins (including GA3) 
serve as plant (phyto)hormones, and mediate a variety of developmental processes, such as 
seed germination, stem elongation and flower induction [5].  The function of gibberellins in 
fungi and bacteria is less understood, although it is thought that they have roles in influencing 
growth and development of host plants, as in the case of plant growth promoting 
rhizobacteria [4,6].  
Plant growth promoting rhizobacteria (PGPRs) are root-colonizing bacteria that exert 
beneficial effects on the host plant.  Perhaps the best known PGPR is the legume-associated 
Bradyrhizobium japonicum, which produces the same gibberellin (GA3) as G. fujikuroi [7].  
Besides GA3, other gibberellins with phytohormone activity also have been found in PGPRs, 
such as GA1 in Azospirillum spp. [8-10], and GA1 and GA4 in Rhizobium phaseoli [11] and 
Bacillus spp. [12].  However, while the biosynthetic pathways leading to gibberellin 
production in both plants [13], and fungi [2], are already known, that in bacteria remains 
obscure [14].  
Gibberellins are formed from geranylgeranyl diphosphate (GGPP) via a set of 
reactions catalyzed by different enzymes including consecutively acting diterpene cyclases, 
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cytochromes P450 and, sometimes, 2-oxoglutarate dependent dioxygenases, depending on 
the organism [15].  In higher plants, cyclization of GGPP into ent-copalyl diphosphate (ent-
CPP) and then to ent-kaurene is catalyzed by two distinct enzymes, ent-copalyl diphosphate 
synthase (E.C. 5.5.1.13) [16] and ent-kaurene synthase (E.C. 4.2.3.19) [17], respectively.  In 
fungi [18,19], and in the moss Physcomitrella patens [20], the two cylization steps that form 
ent-kaurene from GGPP are catalyzed by bifunctional diterpene synthases (although the 
corresponding amino acid sequences in fungi and moss are not closely related).  P450s then 
catalyze subsequent oxidation of ent-kaurene, first to ent-kaurenoic acid in both types of 
organisms, and then to GA12 in plants [21], and to GA14 in fungi [22].  To form bioactive 
nor-diterpenoid (C19) gibberellins, such as GA3, plants then utilize 2-oxoglutarate dependent 
dioxygenases (2ODD) [23], while fungi rely on additional P450s and a desaturase (des) [2].  
These series of oxidation reactions are further distinguished by occurrence of C3β-
hydroxylation, which occurs early in fungal, but late in plant, GA biosynthesis, while C13α-
hydroxylation exhibits the opposite pattern (Figure 1).  
In B. japonicum, an operon consisting of genes putatively encoding a ferredoxin, a 
short chain alcohol dehydrogenase, three P450s, a GGPP synthase, and two (di)terpene 
synthases, has been proposed to be involved in gibberellin biosynthesis [24].  Analysis of the 
subsequently reported genomic sequence [25], indicates that this is the only recognizable 
diterpenoid operon encoded by B. japonicum, consistent with the hypothesis that these 
enzymatic genes are involved in GA biosynthesis.  To more directly investigate this 
hypothesis, we have biochemically characterized the two putative diterpene synthases and 
determined that they are separate ent-copalyl diphosphate and ent-kaurene synthases.  Hence, 
we provide here the first direct evidence that this operon may indeed be involved in GA 
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production, and discuss the implications of these findings for the evolution of diterpene 
synthases and gibberellin biosynthesis in bacteria, plants, and fungi.  
 
Materials and Methods 
General 
Bradyrhizobium japonicum strain USDA110 was obtained from Michael Sadowsky 
(University of Minnesota).  Molecular biology reagents were from Invitrogen, and all other 
chemicals were from Fisher Scientific, unless otherwise stated.  
 
Cloning of putative B. japonicum diterpene synthases 
Genomic DNA from B. japonicum strain USDA110 (obtained from M. Sadowsky, 
University of Minnesota) was prepared using the Wizard Genomic DNA Purification Kit 
(Promega), and used as template to amplify the two putative terpene synthase genes (labeled 
blr2149 and blr2150 in Rhizobase) by PCR with Pfu DNA polymerase (Stratagene) with 4% 
DMSO.  The oligonucleotides 5′-CACCATGAACGCGCTGTCCGAACATATCC-3′ and 5′- 
TCATGGCGCCGCTCCTGCCCCCT-3′ were used as primers for blr2149 amplification, and 
5′-CACCATGATCCAGACTGAACGCGCGGTGC-3′ and 5′-
TCCGGAATGGCGCCCAGGTATTCC-3′ (primer corresponds to 191 bp downstream of the 
native stop codon) for blr2150.  Due to the high G+C nature of the B. japonicum genome, 
PCR cycling conditions consisted of a hotstart at 94°C for 2 min, followed by 30 cycles of 
94°C for 45 sec, 70°C for 45 sec, and 72°C for 2 min, ending with a 72°C incubation for 10 
min.  The blunt-ended PCR products were each purified by agarose gel electrophoresis 
(Qiaquick Gel Extraction Kit, Qiagen) and cloned into the Gateway system vector 
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pENTR/SD/D-TOPO using a topoisomerase-mediated procedure.  The resulting 
pENTR:blr2149 and pENTR:blr2150 constructs were each transformed into chemically 
competent TOP10 E. coli, from which the corresponding plasmids were subsequently 
purified using a QIAprep Miniprep kit (Qiagen).  
 
Metabolic engineering expression constructs 
For analysis of the putative copalyl diphosphate synthase (CPS) from B. japonicum, a 
previously described pGG vector [26], which carries a GGPP synthase, was modified to carry 
an in-frame DEST cassette into the first multiple cloning site of the pACYCDuet (Novagen) 
parent vector.  This was accomplished via introduction of a 5' NcoI and 3' NotI site onto the 
DEST cassette, followed by digestion of the PCR product and pGG with NcoI, followed by 
NotI, with the resulting large fragments gel purified and ligated together to create pGG-
DEST.  Clones can then be transferred from pENTR to pGG-DEST, enabling their co-
expression with a GGPP synthase, which was done for blr2149.  The putative kaurene 
synthase (KS) from B. japonicum (blr2150) was transferred by directional recombination to 
the Gateway system N-terminal GST fusion expression vector pDEST15.  
 
Functional analysis of diterpene synthase activity 
The putative B. japonicum diterpene synthases were functionally characterized using 
a previously described modular metabolic engineering system [26].  This was carried out 
using the BL21-derived E. coli strain C41 (Lucigen), with the resulting recombinant strains 
grown in 50 mL cultures to mid-log phase (OD600 = 0.6) at 37°C.  After further incubation at 
16°C for 1 hour, IPTG was added to the medium to a final concentration of 0.5 mM.  These 
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were fermented for an additional ~72 hrs and the cultures extracted with an equal volume of 
hexanes, which was then separated and dried under a gentle stream of nitrogen and re-
dissolved in 100 µL hexanes for analysis by gas chromatography (GC), performed with a 
Varian (Palo Alto, CA) 3900 GC with Saturn 2100 ion trap mass spectrometer (MS) in 
electron ionization (70 eV) mode.  Samples (1 µL) were injected in splitless mode at 50°C 
and, after holding for 3 min. at 50°C, the oven temperature was raised at a rate of 14°C/min. 
to 300°C, where it was held for an additional 3 min. MS data from 90 to 600 m/z were 
collected starting 12 min. after injection until the end of the run.  Diterpene products were 
identified by comparison of retention time and mass spectra with that of authentic samples.  
 
Results 
In order to begin investigating GA biosynthesis in B. japonicum characterization of 
the putative diterpene synthases encoded by blr2149 and blr2150 was undertaken.  While 
annotation of the B. japonicum genome suggested that blr2149 encoded a 587 amino acid 
(aa) residue protein, this is significantly longer than other bacterial enzymes with analogous 
(i.e., class II diterpene cyclase) activity.  In particular, the ent-CPP synthase from 
Streptomyces sp. strain KO-3988 (SkoCPS) [27], the terpentediene diphosphate synthase 
from Streptomyces griseolosporeus (SgTPS) [28], and the halimadienyl diphosphate synthase 
from Mycobacterium tuberculosis (MtHPS) [29], which are 499-511 aa in length.  Further, in 
the initial characterization of the associated operon it was suggested that the corresponding 
gene encoded a 516 aa length protein [24], and this was the construct analyzed here.   
Sequence comparisons with this corrected/original blr2149 encoded protein 
demonstrated that it exhibits ~27% amino acid (aa) sequence identity to the known bacterial 
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class II diterpene cyclases (Figure 2).  Critically, this includes conservation of a DXDD motif 
required for class II diterpene synthase activity (i.e., protonation-initiated cyclization) [30], 
consistent with the hypothesis that blr2149 encodes such an enzyme.   
The 300 aa protein encoded by blr2150 exhibits only ~16% aa sequence identity with 
the two known class I diterpene synthases from bacteria (Figure 3).  However, the two 
previously identified bacterial class I diterpene synthases, terpentetriene synthase from 
Streptomyces griseolosporeus (SgTS) [28] and pimaradiene synthase from Streptomyces sp. 
strain KO-3988 (SkoPS) [31], similarly exhibit only 16% aa sequence identity to each other.  
Critically, this includes conservation of the canonical DDXXD and NDX2(S/T)X3E divalent 
metal cation binding motifs required for class I terpene synthase activity (i.e., allylic 
diphosphate ester ionization) [32].  Note that, while the blr2150 encoded aa sequence 
contains a Gly in place of the S/T position in the second motif, such substitution has been 
observed in plant KS and recently been shown to be functional [33].  Thus, we hypothesized 
that blr2150 also encodes a class I diterpene synthase.   
PCR amplification of blr2149 and blr2150 gave 1767 and 1097 (includes 191 bases 
downstream of stop codon) bp bands, respectively, among other non-specific products, which 
necessitated the use of gel purification to clone these genes into an entry vector 
pENTR/SD/D-TOPO.  After confirmation by DNA sequencing, the genes were transferred to 
expression vectors (pGG-DEST and pDEST15, respectively).  
The ability of the putative B. japonicum diterpene synthases to functionally substitute 
for the corresponding enzymes involved in plant GA biosynthesis was determined using a 
previously described modular metabolic engineering system [26].  Specifically, blr2149 was 
co-expressed with the ent-CPP specific KS from Arabidopsis thaliana (AtKS), while blr2150 
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was co-expressed with the ent-CPP specific CPS from A. thaliana (AtCPS).  The resulting 
recombinant E. coli strains were both found to specifically produce ent-kaurene (Figure 4).  
By contrast, co-expression of blr2149 with diterpene synthases that only react with CPP of 
syn- or normal stereochemistry did not result in the production of the corresponding 
diterpenes.  Similarly, co-expression of blr2150 with a CPS producing CPP of normal 
stereochemistry did not lead to any diterpene production, while co-expression with a CPS 
producing syn-CPP only resulted in the production of trace amounts of syn-pimaradiene (data 
not shown).  
 
Discussion 
 The plant growth promoting bacterium B. japonicum produces GA [7], and contains 
an operon that has been hypothesized to encode GA biosynthetic enzymes [24], wherein the 
last two genes (blr2149 and blr2150) show some homology to known bacterial diterpene 
synthases.  The functional analysis presented here demonstrates that blr2149 encodes an ent-
CPP specific CPS (BjCPS) and blr2150 a KS (BjKS).  These represent the first ent-copalyl 
diphosphate synthase identified in proteobacteria and the only ent-kaurene synthase to have 
been identified from bacteria.  More critically, their combined activity is sufficient to 
produce the ent-kaurene intermediate expected for GA biosynthesis.   
 While the fact that B. japonicum contains separate CPS and KS superficially 
resembles plant rather than fungal GA biosynthesis, there are some obvious differences.  In 
particular, both BjCPS and BjKS are significantly smaller than either the plant CPS or KS, as 
well as the fungal bifunctional CPS/KS.  Nevertheless, more careful analysis suggests 
potential homology between all of these.  The plant CPS and KS are of equivalent length, and 
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seem to represent loss of function from an ancestral bifunctional enzyme, with the fungal 
bifunctional CPS/KS enzyme being of roughly similar length [34].  Truncation analysis of 
one such bifunctional fungal enzyme has associated the CPS and the KS activity with its N-
terminal and C-terminal regions, respectively [35].  In addition, mutational analysis suggests 
that the catalytic activity of plant class II diterpene cyclases (e.g., CPS) is associated with 
their N-terminal region, while the catalytic activity of plant class I diterpene synthases (e.g., 
KS) is associated with their C-terminal domain [36-38].  Intriguingly, BjCPS and other 
bacterial class II diterpene cyclases are roughly equivalent in length and exhibit some 
similarity to the CPS activity associated N-terminal region of the plant and fungal enzymes.  
On the other hand, BjKS and other bacterial class I diterpene cyclases also are roughly 
equivalent in length and exhibit some similarity to the KS activity associated C-terminal 
domain.  Further, there is previously noted structural homology between class I terpene 
synthases from microbes and the C-terminal domain of plant class I terpene synthases [32].  
Thus, we hypothesize that the diterpene synthases associated with GA biosynthesis, as well 
as that of related diterpenoid natural products, in plants, fungi, and bacteria may share a 
common origin/ancestry (Figure 5).  
 Regardless of the relationship between the diterpene synthases involved in production 
of the common ent-kaurene intermediate, the profound differences in downstream oxidation 
provide a clear distinction between at least plant and fungal GA biosynthesis.  Despite 
resulting in the same bioactive "end product", the catalyzed series of oxidations proceed via a 
distinct series of intermediates in each case (Figure 1).  More critically, while plants use 
P450s and 2-oxoglutarate dependent dioxygenases to produce bioactive GAs, fungi use only 
P450s and a desaturase, demonstrating that the plant and fungal pathways were 
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independently assembled via a convergent evolutionary process.  Intriguingly, the BjCPS and 
BjKS containing operon contains only three full-length P450s, as well as a dehydrogenase, 
suggesting some similarities with fungal GA biosynthesis.  However, there is no significant 
homology between the fungal and B. japonicum P450s. Furthermore, while fungi utilize four 
P450s, B. japonicum presumably only requires the three found in the BjCPS and BjKS 
containing operon.  Consistent with this hypothesis, several other GA producing 
rhizobacteria contain a homologous operon that, in each case, also contains only three P450s. 
This indicates that there are differences in the oxidation of ent-kaurene to the observed 
bioactive GA3 in bacteria relative to either plants or fungi, which would then represent yet 
another convergent evolutionary solution to GA biosynthesis.  
 In conclusion, the results reported here provide the first biochemical characterization 
of enzymes potentially involved in bacterial GA production.  Intriguingly, sequence 
comparisons with the identified diterpene synthases suggest a potential common origin for 
such enzymes in plants, fungi, and bacteria.  Furthermore, the composition of the associated 
operon indicates that bacterial GA biosynthesis may represent a third independently 
assembled pathway for production of this highly bioactive and phylogenetically widespread 
metabolite.  
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Figure Legends 
 
Figure 1:  GA biosynthesis in plants versus fungi.  Each arrow represents a single enzymatic 
step, with the corresponding enzymatic type indicated (as defined in text).  
 
Figure 2:  Alignment of BjCPS with other bacterial class II diterpene cyclases.  The DXDD 
motif required for class II terpene synthase activity is underlined.  
 
Figure 3:  Alignment of BjKS with other bacterial class I terpene synthases.  The divalent 
metal cation binding D(D/E)XXD and NDX2(S/T/G)X3(E/D) motifs required for class I 
terpene synthase activity are underlined.  
 
Figure 4:  GC-MS chromatograms demonstrating biochemical function of blr2149 (BjCPS) 
and blr2150 (BjKS).  A) Production of ent-kaurene by BjCPS + AtKS.  B) Production of ent-
kaurene by AtCPS + BjKS.  
 
Figure 5:  Schematic comparison of plant, fungal and bacterial diterpene synthases, with 
conservation of catalytic motifs as indicated.  
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Figure 1 
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Figure 2 
 
                 1                                                                             80 
    KgTPS    (1) ----------------MKDRAADPVTKFSPSPYETGQFLRISERADVGTPQIDYLLATQRPDGLWGSVG---FELVPTLG 
   SkoCPS    (1) MNVTSFAALRAAAQDIVDEMIADPYGLTSPSVYETARMVVSAPWLEGHRQRVEFLLAQQHEDGTWGGP--AAYGLLPTLS 
    BjCPS    (1) ---VNALSEHILSELRRLLSEMSDGGSVGPSVYDTAQALRFHGNVTGRQDAYAWLIAQQQADGGWGSADFPLFRHAPTWA 
 
                 81                                                                           160 
    KgTPS   (62) AVAGLSSRPEYADRAGVTDAVARACEKLWELALGEGGLPKLPDTVASEIIVPSLIDLLSEVLQRHRPAVGGKAGQEQEFP 
   SkoCPS   (79) AVDALLSVAGTQDARRVAGAVESGLAALAGRFPRNVELP---DTIAVELLVPWLIEQVDQRLSRMDDRGDLP------GR 
    BjCPS   (78) ALLALQRADPLPGAADAVQTATRFLQRQPDP--YAHAVP-EDAPIGAELILPQFCGEAASLLGGVAFPRHP-------AL 
 
                 161                                                                          240 
    KgTPS  (142) SPPGANAELWRQLSDRIARGQAIPKTAWHTLEAFHPLPKQFAATVTPAADGAVTCSPSSTAAWLSAVG----TDAGASTR 
   SkoCPS  (150) LDLQADTGTLSGIRELLRQNTGIPEKTWHSLEALGAPAVRSGT--VTPMGGAVGASPAATSAWLGDPP---HTDAAKACL 
    BjCPS  (148) LPLRQACLVKLG----AVAMLPSGHPLLHSWEAWGTSPTTA----CPDDDGSIGISPAATAAWRAQAVTRGSTPQVGRAD 
 
                 241                                                                          320 
    KgTPS  (218) AYLDEAQSRYG----GAIPMGSSMPYFEVLWVLNLVLKYFPDVPIPREIIEEIA-----AGFSDSGIGGGPGLPPDGDDT 
   SkoCPS  (225) AYLHQTQARHG----GPVSGITSISYFELAWVVTALSGSGLDVDIPAQVPDILR-----TALGANGLSAGPGLPADSDDT 
    BjCPS  (220) AYLQMASRATRSGIEGVFPNVWPINVFEPCWSLYTLHLAGLFAHPALAEAVRVIVAQLDARLGVHGLGPALHFAADADDT 
 
                 321                                                                          400 
    KgTPS  (289) AYANLAGDKLGAPTHPEILMKFWAEDHFVSYPGEQTPSETVNAHALEYLNHLRMRRGITEFGAVEDACAEWVISQQTEDG 
   SkoCPS  (296) SAALHALDLLGKPESVDCLWEYDTGLYFTCFPKERTPSTSTNAHILVALADRRGQ-GDTRYDHAAERVGGWLVEQQQPDG 
    BjCPS  (300) AVALCVLHLAGRDPAVDALRHFEIGELFVTFPGERNASVSTNIHALHALRLL----GKPAAG-----ASAYVEANRNPHG 
 
                 401                                                                          480 
    KgTPS  (369) -CWYDKWNVSPYYSTAACVEALLDARKQDEPQLDSLRRAREWLLRHQTDSGGWGMAEP-SPEETAYAVLALDLFASRGGE 
   SkoCPS  (375) -RWMDKWHASPYYATACGAAAMARL--DGPRTSAALDDAIRWVLDTQHADGSWGRWEG-TGEETAYALQVLNHRAAPDRP 
    BjCPS  (371) LWDNEKWHVSWLYPTAHAVAALAQG-----KPQWRDERALAALLQAQRDDGGWGAGRGSTFEETAYALFALHVMDGSEEA 
 
                 481                                                                 551 
    KgTPS  (447) G-AEECAAAISRAKEFFTDESRE----NPPLWMGKDLYTPFRIVDVTVMCGRAVVGRY------------- 
   SkoCPS  (451) A---LEAIRAGRAFLSGHVEDDR---RNPPLWHDKDLYTPVRVIRAEILGTLAATQRLAEAEKEARA---- 
    BjCPS  (446) TGRRRIAQVVARALEWMLARHAAHGLPQTPLWIGKELYCPTRVVRVAELAGLWLALRWGRRVLAEGAGAAP 
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Figure 3 
 
                 1                                                                             80 
    SkoPS    (1) MRARHRVALKVLADLRSWAAEYPQVLEATPIEALAISTAAIS-PWRGANELRLSAPDVRCGPTPLDDHVEQNVRS-LDEL 
     KgTS    (1) MPDAIEFEHEGRRNPNSAEAESAYSSIIAALDLQESDYAVISGHSRIVGAAALVYPDADAETLLAASLWTACLIV-NDDR 
     BjKS    (1) ---MIQTERAVQQVLEWGRSLTGFADEHAVEAVRGGQYILQRIHPSLRGTSARTGRDPQDETLIVTFYRELALLFWLDDC 
 
                 81                                                                           160 
    SkoPS   (79) DDLFGRCEAIVRGGDRDDGHPLLASLSGWQSALERAPH------YPKLAGLWGDRFAEALRGERYDWTAGLARDRGEGPS 
     KgTS   (80) WDYVQEDGGRLAPGEWFDG--VTEVVDTWRTAGPRLPDPFFELVRTTMSRLDAALGAEAADEIGHEIKRAITAMKWEGVW 
     BjKS   (78) NDLGLISPEQLAAVEQALGQGVPCALPGFEGCAVLRAS----LATLAYDRRDYAQLLDDTRCYSAALRAGHAQAVAAERW 
 
                 161                                                                          240 
    SkoPS  (153) DPQEYLTYAASSNAWITHFP---------RWATSDR-DDLLDGLPVLDNALEAIEVAVRLSNDLATFERER-AEPGQNNI 
     KgTS  (158) NEYTKKTSLATYLSFRRGYCTMDVQVVLDKWINGGRSFAALRDDPVRRAIDDVVVRFGCLSNDYYSWGREKKAVDKSNAV 
     BjKS  (154) SYAEYLHNGIDSIAYANVFCCLS--------LLWGLDMATLRARPAFRQVLRLISAIGRLQNDLHGCDKDRSAGEADNAV 
 
                 241                                                                      316 
    SkoPS  (222) LMYDTSPDWVHDELDRHSRKAQEQLDPLATAGFPPAVELLRLLDWSVTFYSGADFRGWGSDRDLTGPSGLPSDM-- 
     KgTS  (238) RILMDHAGYDESTALAHVRDDCVQAITDLDCIEESIKRSGHLGSHAQELLDYLACHRPLIYAAATWPTETNRYR-- 
     BjKS  (226) ILLLQRYPAMPVVEFLNDELAGHTRMLHRVMAEERFPAPWGPLIEAMAAIRVQYYRTSTSRYRSDAVRGGQRAPA- 
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Postscript 
 This work represents the first biochemical characterization of enzymes that are 
committed to gibberellin phytohormone production in bacteria with respect to diterpene 
production.  The immediate interesting implication of this is that plants are not the only 
organisms to produce “plant” growth hormones.  In bacteria, then, this makes them 
secondary metabolites.  While the effects of GAs on plants are well known, in fact, as little as 
1ng applied to a plant can result in a phenotypic growth change, the question remains what is 
the advantage of rhizospheric bacteria to produce this and why do they make it?  Meanwhile, 
it appears that there may be a different biosynthetic pathway in Bradyrhizobium japonicum 
for GA biosynthesis, with enzymes that are capable of different reactions and different 
specificities in the case of the operon’s P450s.  This may have application within the context 
of our metabolic engineering system to produce novel small molecules as well as elucidating 
the biology of this symbiotic, nitrogen fixing organism.  Additionally, while there does not 
appear to be a syn-CPP synthase present in this operon, the production of some syn-
pimaradiene from a kaurene synthase is interesting in the greater context of class I synthases 
having dual substrate specificity, like OsKSL10.  Again, there would be little selective 
pressure not to be reactive with alternative substrates.  As in the case of OsKSL10, 
“alternative” substrate reactivity results in a mechanistically “simple” diterpene that 
presumably does not go through the multiple carbocation intermediates of a tetracyclic 
diterpene for example.  These can be investigated in light of our previous discovery of a 
switch position amino acid.       
 
 
